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Abstract 
 
   We report on a strategy to prepare metal oxides including binary oxide and mixed metal 
oxide (MMO) in form of nanometer-sized particles using polymer as precursor. The process 
consists of wet chemistry, precipitation and pyrolysis three steps, which starts from aqueous 
solution to form a metal polyacrylate precursor under mild preparation conditions. The metal 
polyacrylate precursor is purified by precipitation into a nonsolvent. The polymer precursor 
could be redissolved and loaded with different kinds of metal ions. The purified cation-loaded 
complex in dry form is calcined at relatively low temperature to give nanosized crystals of 
binary oxide or MMO powders. The composition of the precursor polymer defines the 
stoichiometry of the mixed metal oxide. Moreover, the polymer-metal salt solution can also 
be processed by spin coating, drop casting or similar procedure to obtain polymer precursor 
films for production of nanocrystalline metal oxide films.    
 
 We chose zinc oxide as the model system to prove the concept of this strategy due to the 
simple (hexagonal) crystal structure of zinc oxide and its increasing interests in industrial 
application and fundamental research. The zinc polyacrylate (ZnPA) precursor is amorphous 
as confirmed by X-ray diffraction (XRD) and transmission electron microscopy (TEM). 
Dynamic light scattering (DLS) results reveal that zinc cations mainly form intra-polymer 
complexes with polyacrylate. Viscosity and UV results show that the precursor was 
effectively purified during precipitation into the nonsolvent acetone, which proves that the 
zinc source of ZnO formation is the polymer precursor and not the free zinc ion or other zinc-
containing species. 
  The transformation from polymer precursor via degradation, nucleation followed by 
crystallization into ZnO crystal during pyrolysis was investigated by means of XRD, 
thermogravimetric analysis (TGA) and FTIR spectroscopy. The XRD results show that the 
precursor remains amorphous when heated even over 370 oC, while the polymer precursor 
from Pechini method and some zinc salts like zinc nitrate hexahydrate, zinc acetate dihydrate 
convert to zinc oxide at about 300 oC. The TGA results exhibit three weight loss stages in the 
pyrolysis process i.e. 150-260 oC , 260-350 oC and 350-460 oC. By combination with mass 
spectra (MS), it is revealed that the main weight loss is due to escape of H2O and CO2. The 
as-synthesized ZnO consists of mainly individual particles with a diameter around 40 nm with 
a narrow size distribution as shown by scanning electron microscopy (SEM). Due to Oswald 
ripening, the particles grow to 100 nm at 650 oC. The effects of various parameters like 
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polymer molecular weight and zinc content in the precursor on the crystal morphology were 
studied too. The as-synthesized ZnO surface absorbs some organic groups like OH- and C-O 
indicated from FT-IR spectra. The photoluminescence (PL) and electron paramagnetic (EPR) 
properties of the material are investigated, too. It is generally assumed that the PL emission 
originates from oxygen defect centres located on the particle surface or in the bulk. 
 
  Employing this method, ZnO nanocrystalline films are fabricated via pyrolysis of a zinc 
polyacrylate precursor film on solid substrate like silicon and quartz glass. The results of 
XRD, UV spectra as well as the TEM images prove that both the ZnO nanopowder and film 
undergo same decomposition steps with the crystallation from ZnPA precursor to ZnO taking 
place at around 450 oC. Comparing the photoluminescence of films fabricated in different 
gases (O2, N2, air and argon), it is assigned that the blue emission of the ZnO film is due to 
oxygen-favorable defects center of zinc vacancy and green emission from oxygen-
unfavorable center of oxygen vacancy. 
 
  Two kinds of nanometer-sized mixed metal oxide particles (Zn1-xMgxO and Zn1-xCoxO) with 
very precise stoichiometry are prepared employing this versatile polymer-based method. The 
precursor is formed by loading different metal ions in polyacrylates sequentially and purified 
via repeated precipitation/redissolution cycles. The calcination of polymer precursor at 
relatively low temperature (550 oC) gives metastable solid solution of oxide systems in a 
particular range of composition. The MMO crystal particles are typically 20-50 nm in 
diameter. Doping of Mg in ZnO lattice causes shrinkage of lattice parameter c, while it 
remains unchanged with Co incorporation. Effects of band gap engineering on the optical 
band gap are seen in the Mg:ZnO system. The photoluminescence in the visible is also 
affected and its maximum shifts from 2.12 eV (pure ZnO) to 2.32 eV at x = 0.21. 
The photoluminescence in the visible is enhanced by incorporation of magnesium on zinc 
lattice sites, while the visible emission is suppressed in the Co:ZnO system. This points 
toward the usefulness of our approach to create photo emissive materials with tuneable 
sensitivity. Magnetic property of cobalt doped-ZnO is checked too and ferromagnetic 
ordering is not found in our sample.  
 
  An alternative way to prepare zinc oxide nanoparticles is presented upon calcination of zinc-
loaded polymer powders, which is synthesized via inverse miniemulsion polymerization of 
the acrylic acid and zinc nitrate mixture. The obtained polymer latex in the inverse 
 II
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miniemulsion has a size of 50-100 nm predefined by the droplet size of the inverse 
miniemulsion. Proper choice of the surfactant is key to the morphology and quality of the 
polymer latex. In this work, we use span 80 as emulsifier, with which monodisperse latex 
particles could be achieved as characterized by means of DLS and SEM. 
  The calcination of the precursor in the dry form gives nanosized ZnO nanopowders in 
diameter of 20-40 nm. The photoluminescence property of the as-prepared zinc oxide is 
checked, which exhibits strong orange-to-yellow emission with 15 nm red shift in comparison 
with the ZnO obtained by the polymer-salt complex method. And the IR spectra of the 
samples differ with each other as well. The FT-IR spectrum shows that the as-prepared ZnO 
surface has unidentate complex between zinc ions and carboxylate and also reveals a slight 
aggregated state of the sample morphology. The difference in the optical property between the 
ZnO samples prepared from different preparation methods actually reflects the difference of 
composition and architecture of the precursor polymers.  
  
  The obtained ZnO and ZnO-based mixed metal oxide nanoparticles undergo surface 
modification to separate the weakly-aggregated particles and enhance their compatibility as 
well as stability with polymer. The nanoparticles are treated in ethanolic solution of 
tetrabutylammonium phosphate with applying ultrasonication. The surface reaction achieves 
anchoring the phosphate groups on the particle with preservation the spherical structure and 
size of the particles as characterized by means of elementary analysis, FT-IR, 31PNMR, and 
electron microscopy. Light scattering results indicate the decrease of amount of aggregated 
ZnO particles after the surface reaction. And stability of the ZnO nanoparticles in aqueous 
dispersion is enhanced as indicated by the zeta-potential increasing from -9.3 mV (unmodified 
ZnO) to -28.8 mV (modified ZnO) due to the significant change of the charge density on the 
particle surface. 
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1                 Introduction 
 
1.1 Review on the synthesis of nanosized crystals 
1.1.1 Nanocrystal as research topic 
  ‘There is plenty of room at the bottom.’- R. Feynman, 1959. Nanosized materials have become 
one of the most vibrant fields and have attracted tremendous interest in fundamental research as 
well as industrial application since the end of the last century. The US National Nanotechnology 
Initiative announced at the beginning of 2000 and brought the US government’s investment in 
nanoscience to a total of 500 million USD in the 2001 financial year (an increase of 83% 
compared to 2000). Statistics have shown that research and development investments in 
nanotechnology world widely have increased by more than six-fold to about 3 billion USD from 
1997 to 2003.[1-2]  
 
Table 1.1. Effects of nanomaterials and applications due to the reduced dimension.[1]
Effects Applications 
Higher surface to volume ratio, 
enhanced reactivity, improved 
transport kinetics 
Catalysis, solar cells, batteries, 
gas sensors, hydrogen storage 
Higher resistivity with 
decreasing grain size 
Conductivity of materials 
Increased hardness with 
decreasing grain size 
Hard coatings, thin protection 
layers 
Variation of bandgap with grain 
size 
Optoelectronics, quantum dot 
Lower percolation threshold Electronics, passive 
components, sensors 
Lower melting and sintering 
temperature 
Low sintering materials 
 
 
  The great interest in nanomaterials is due to their unique behaviour and technical application 
based on the small size and structure. The nanoscience and technology deal with particles with 
diameter of 1 to 100 nm, or about 10 to 106 atoms or molecules per particle. Because of the small 
particle size, the materials have very large surface area to volume ratio, bringing out new physical 
and chemical properties which are different with their lager scale counterparts. The mechanisms 
of the property change of the material include size effect for instance quantum effects, change of 
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dimensionality of the system, change of atomic structure (e.g. average atomic density, nearest-
neighbour coordination, etc.).[1-4] Nanomaterials are versatile and have been widely used in the 
fields of information and communication technologies, biotechnology and medicine, 
optoelectronics (Table 1.1). For example, nanosized ZnSe and ZnS particles, due to quantum 
confinement, are promising materials emitting in the blue to the ultra violet range.[6-7] Another 
good example is that the sensing ability of individual SnO2 nanowires and nanoribbons as gas 
sensors was improved significantly after functionalization with Pd catalyst nanoparticles by in 
situ deposition.[8] 
  A nanocrystal is defined as a fragment of a solid comprising somewhere between a few atoms 
and a few ten thousand of atoms. Considerable advances have been achieved in the chemistry of 
nanocrystals by the development of diverse synthesis methods to gain nanocrystals with different 
chemical composition and shape. Because of the small size, the ratio of bulk to surface free 
energy is dominant and the nanocrystals are unstable. Accordingly, surface modification methods 
like surface etching, functionalization and coating have also been developed. Along with the 
advances in nanocrystal synthesis, modern characterization tools capable of studying individual 
clusters have been developed and these—together with more conventional structural, electronic 
and optical probes—have allowed to obtain detailed information and insights into the properties 
of nanocrystal materials. 
 
1.1.2 Nanocrystal synthesis methods 
  Several main synthesis methods for nanocrystal are reviewed in the following. According to 
Riman,[28] the chemical methods of synthesis can be classified as compiled in Table 1.2.  
 
Table 1.2. Synthesis methods for nanocrystals.[28] 
 
Type Method 
Chemistry in liquid phase Sol-gel type reactions 
Chemical precipitation 
Chemistry in heterogeneous phase Hydrothermal synthesis 
Pyrolysis 
Chemistry in a droplets Emulsion/microemulsion 
Spray pyrolysis 
Chemistry in vapor phase Chemical vapor deposition 
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  The sol-gel method is a widely used method because of its simplicity.[9] The process involves 
inorganic precursors (a metal salt or organometallic molecule) that undergo various reactions 
resulting in the formation of a threedimensional covalent network.[10] Nanocrystals are then 
formed upon thermal decomposition under proper gas atmosphere. A general scheme is presented 
(scheme 1.1) for the hydrolysis and condensation of metal alkoxides to form larger metal oxide 
crystals: where M represents the metal and R the alkyl group.  
Hydrolysis:
M(OR) 4 + H2O HO M(OR)3+ ROH...
M(OH)4 ROH+ 4
Condensation:
(OR)3M OH+OH M(OR)3 (OR)3 M O M(OR)3+H2O
(OR)3M OH+RO M(OR)3 (OR)3 M O M(OR)3 + ROH
Total reaction:
M(OR) 4 + H2O2 MO2 + ROH4   
Scheme 1.1 
 
  The size of the gel particles depends on the solution composition, pH, and temperature. By 
controlling these factors, one can tune the size of the particles. This method has been used to 
synthesize metal oxide nanostructures, such as TiO2,[11] WO2.72,[12] ZrO2,[13] CeO2,[14] SnO2,[15] 
SiO2,[16] CuO,[17] Al2O3,[18] etc. Some mixed metal oxides such as Ti1-xSnxO2,[19] BaTiO3,[20] 
BaZrO3,[21] CaSnO3,[22] etc. have also been produced. The method has been employed as well for 
preparation of some non-oxide nanocrystals.[23-24]  
  Chemistry in a liquid phase, the so-called ‘wet chemistry’ method is an approach in which the 
nanostructure and its physical properties are controlled by nucleation, growth and ageing 
processes in solution. The particle size is influenced by the conditions such as reactant 
concentration, pH, and temperature etc. Coprecipitation of cations and anions in the solution is a 
straightforward and simple method which forms inorganic particles directly or an intermediate 
precursor which is then subject to a heating treatment to produce nanocrystals. Normally, it is 
very difficult to experimentally determine whether the as-prepared precursor is a single-phase 
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solid solution or a multiphase, nearly-homogeneous mixture for instance in the cases of 
coprecipitated hydroxides or carbonates of mixed metals. Using the coprecipitation method metal 
oxides like Fe2O3,[25] Fe3O4,[26] ZnO,[27] non-oxide nanocrystals like AlN,[28] Si3N4,[29] CdS[30] and 
even very complex nanostructures such as CdS/HgS/CdS,[30] CdS/(HgS)2/CdS[31] and other 
core/shell structures can be prepared.  
  It is worthwhile mentioning a technique in the wet chemical synthesis which makes use of an 
appropriate capping reagent to control kinetically the growth rates of nanocrystals and prevent 
agglomeration of the particles. Monodisperse silver nanocrystal of different morphology were 
synthesized in large quantities by reducing silver nitrate with ethylene glycol in the presence of 
poly(vinyl pyrrolidone) (PVP).[32] The authors found that the ratio of PVP to silver nitrate played 
an important role in determining the shape and size of the product. And the as-synthesized silver 
cubes could be used as sacrificial templates to generate single-crystalline gold nanoboxes. Pt 
nanoparticles were produced in the presence of capping polymer. The influence of the polymer 
on the morphology of the product is demonstrated.[33] CoPt3, FePt, CoPd2 et al. semiconductor 
nanocrystals grown up in the presence of carboxylic acids and amines have been investigated, 
too.[34] The size of the nanocrystals can be precisely tuned in a predictable and reproducible way. 
Semiconductors like CdSe,[35] CdS,[36] ZnO,[37] Fe2O3[38] are also produced using a similar 
mechanism. 
  Hydrothermal synthesis, which strictly should be called ‘solvothermal’ when the reaction 
solvent is not water, is another common method to synthesize crystals. Rabenau reviewed the 
development of this method since the nineteenth century.[39]  According to the definition given by 
him, the hydrothermal synthesis is an approach by using water as solvent in a sealed reaction 
container when the temperature is raised above 100 °C. This method exploits the solubility of 
almost all inorganic substances in water at elevated temperatures and pressures and subsequent 
crystallization of the dissolved material from the fluid. Solvent at hydrothermal conditions 
(elevated temperatures and high pressure) provides a mass transport path promoting phase 
transformation kinetics. The properties of the reactants, including their solubility and reactivity, 
change at high temperatures as well. The changes mentioned above provide more parameters to 
produce different kinds of high-quality nanocrystals with different shapes, which are not possible 
to be formed at low temperatures. The synthesis parameters such as water or organic solvent, 
pressure, temperature, reaction time, and the respective precursor-product system can be adjusted 
in the experiment to maintain a high nucleation rate and good size distribution. Different types of 
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nanoparticles such as TiO2,[40] BaTiO3,[41] ZrO2,[42] SrTiO3;[43] nanotubes such as SnS2,[44] 
Hematite (a-Fe2O3)[45] and Bi2S3 nanowires,[46] hydroxyapatite Ca10(PO4)6(OH)2 nanorods [47] and 
inorganic/organic hybrid materials [NH3(CH2)2NH2(CH2)2NH3]2[Mo9O30][48] have been 
successfully synthesized in this way.  
  It is worth noting that recently Niederberger and coworkers[49] presented a widely applicable 
solvothermal route to nanocrystalline iron, indium, gallium, and zinc oxide based on the reaction 
between the corresponding metal acetylacetonate as metal oxide precursor and benzylamine as 
both solvent and reactant. A combined solvolysis-condensation mechanism was proposed. Fig. 
1.1 shows TEM images of the different nanocrystallites and their respective electron diffraction 
pattern. The authors expect that the method can be easily scaled-up to satisfy industrial 
requirements. 
 
Fig. 1.1. TEM overview images of (a) iron oxide, (c) indium oxide, (e) gallium oxide, (f) zinc 
oxide and their respective SAED patterns(b, d, f, i). (Reprinted with permission from Ref. [49]. 
Copyright 2005 American Chemical Society.) 
 
  Other methods like direct pyrolysis of a precursor, chemical or physical vapour deposition, 
templating, and synthesis in microemulsion are also successful in some nanocrystal synthesis. For 
example, Wang et al.[50] have prepared a series of semiconducting oxides of zinc, tin, indium, 
cadmium, and gallium in form of ribbon-like nanostructures (so-called nanobelts) by simply 
evaporating the desired commercial metal oxide powders at high temperatures. The as-
synthesized oxide nanobelts are pure, structurally uniform, and single crystalline free of crystal 
defects with typical width of 30 to 300 nm in a rectangular cross section and width-to-thickness 
ratios of 5 to 10, at a length of up to a few millimeters. Mann and his colleagues[51] synthesized 
BaCrO4 nanoparticles in an inverse (water-in-oil) microemulsion. They believe that the 
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microemulsion-based process could be of general importance for controlling the secondary 
growth of the pre-organized nanoparticle-based superstructures. The recent advances in the 
preparation methods of nanostructured crystals can be found in some publications.[28, 52]  
 
1.2 Introduction of the status of research about zinc oxide  
1.2.1 Synthesis methods for ZnO and shape control 
  Various metal oxides in form of crystals exhibiting different size and shapes have been prepared 
using the common synthesis methods. Amongst the metal oxides, zinc oxide is one of the most 
important and promising materials based on several intrinsic virtues: Firstly, ZnO has high 
thermal and chemical stability, which plays an important role in material chemistry and 
nanotechnology. Secondly, it is one of the few oxides that show quantum confinement effects, 
allowing a fine-tuning of the band gap in an experimentally accessible size range.  
  Zinc oxide crystallizes in hexagonal structure, namely zincite. Its crystal structure has Zn atoms 
tetrahedrally coordinated to four O atoms, where the Zn d-electrons hybridize with the O p-
electrons. The structure is composed of two interpenetrating hexagonal-close-packed (hcp) 
sublattices, each of which consists of one type of atom displaced with respect to each other along 












   
 Scheme 1.2 
Schematic representation of a wurtzite ZnO structure 
 with permission from WebElements [http://www.webelements.com/]) 
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  ZnO is a wide-bandgap semiconductor (3.37 eV) with a large exciton binding energy (60 meV) 
at room temperature.[53] It has been used in a wide range of technical areas such as optical 
devices,[54] transparent conducting electrodes,[55] field-effect transistors,[56] gas sensors,[57] 
varistors,[58] catalysts, [59] etc. For instance, one-dimensional structured ZnO is a potential 
alternative for carbon-nanotubes in field-emission devices based on its outstanding thermal and 
chemical stability. Furthermore, it is one of the few oxides that show quantum confinement 
effects, allowing variation of the position of the electronic bands in an experimentally accessible 
size range.[60] Various techniques have been employed for the preparation of ZnO nanocrystal 
with different size and shape, such as sol-gel method,[61] spray pyrolysis,[62] pulsed laser 
deposition,[63] template method,[64] vapour synthesis,[65] wet chemical route,[66] 
emulsion/microemulsion,[58c,67] hydrothermal,[68] polymer precursor (so-called Pechini 
method),[69] thermal decomposition,[70] microwave methods,[71] etc.
  Nanostructured zinc oxide particles with abundant morphologies have been produced, including 
individual ZnO nanoparticles,[66b,70a,72] nanowires[53,73] and dendritic nanowires,[74] nanobelts,[50, 
75] nanorods,[37b,56,73,76] nanotubes,[77] and nanocantilevers.[78] Certainly, the morphology of the 
ZnO nanocrystal is related to the synthesis methods and experimental conditions. Cross et al.[53] 
report preparation of ZnO nanowire by depositing a 150 nm thick layer using room temperature 
radio frequency magnetron sputtering followed by hydrothermal growth at 90 oC. The nanowires 
grow preferentially along the c-axis of ZnO up to 2 micron long in average. Han et al.[65b] 
prepared ZnO with unusual nanocone array structure via vapour synthesis at low temperature. 
The as-synthesized ZnO crystals are c-axis oriented too and the growth mechanism is proved to 
be a self-catalyzed vapor-liquid-solid (VLS) process. Hsu and coworkers[76] achieved directed 
growth of ZnO nanorods on a silver film in a predetermined pattern using an organic template. 
Another group prepared ZnO one-dimensional nanostructures via hydrothermal process using 
polyethylene glycol (PEG) to assist crystal formation.[73] They found that ZnO nanowires and 
nanorods can be selectively synthesized using a short-chain polymer PEG400, while a relatively 
long-chain polymers (such as PEG10000) did not work. Two-dimensional ZnO nanocrystals have 
also been prepared. Wang et al.[79] employed a solution-based synthesis of ZnO rings and disks at 
low temperature and on a large scale, using NaAOT as template. The as-synthesized materials are 
structurally uniform. The two morphologies are interchangeable, i.e. disks could be converted 
into rings by simply controlling growth temperature and molar ratio of reactants. The technique is 
believed to be applicable for synthesis of a wide range of nanomaterials. Using such well-
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structured materials as building blocks, one could design a diverse range of nanodevices, from 
nanoscale lasers to sensors and photonic crystals.  
  Some unusual morphological forms such as flower-[68c,80] prism-like[81] shapes have been 
produced as well. Qian et al. shows the formation of ZnO flower-, tower- and tube-like structures 
by a solution route. The change of the morphology is simply controlled by variation of pH, 
reaction temperature and concentration of the reactants.[80] 


























EM images showing the formation of composite crystals in ZnO precipitated from 
edium in the presence of different latex additives: (a) clusters formed by aggregation, 
el growth, (c) twins, (d) partially interpenetrate twins, (e) and (f) interpenetration of 
Reprinted from Ref. [86] with courtesy of R. Munoz-Espi.) 
rol of the ZnO nanocrystal morphology by ions, small molecules or polymers as the 
directing agents, which are called morphological modifier in some publications as well, 
een investigated in recent years. Liu et al.[82] reported a low-temperature, solution-based 
for the preparation of oriented ZnO nanostructures, achieving the systematic 
ion of their crystal morphology. They found that citrate anions that selectively adsorb 
asal planes can suppress crystal growth along the c-axis and with increasing citrate 
tion the ZnO nanomaterial shows an in situ column-to-plate morphological transition. 
sults were reported by Imai et al.,[83] They obtained a seaweed-like ZnO nanostructure 
hosphate as modifier. The significant effects of certain polymers including block,[84] 
lymers,[85] functionalized polystyrene latex from miniemulsion polymerization[86] and 
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even biogenic polymers like starch[87] on ZnO crystal habit have been shown recently. The ZnO 
crystal can be controlled by the presence of polymer additives and various morphological forms 
have been produced such as nanoneedles, nanorods, stack of pancakes, onion- and flower-like 
structures etc. Some representative ZnO nanostructures are shown in Fig. 1.2. 
 
1.2.2 Production of ZnO-based mixed metal oxides materials 
1.2.2.1 Application of ZnO-based mixed metal oxides materials 
  Mixed metal oxides (MMO) formed by more than one kind of different metal cations expand the 
utility of binary oxides and attract a lot of interest in fundamental research as well as technical 
application. ZnO-based metal oxides alloys or so-called doped-ZnO materials in the case when 
only several percent of impurity ions which exist dissolved in the ZnO lattice exhibit modified 
electrical and optical properties, which make the materials promising for applications such as 
sensors,[88] field-emitters,[89] p-n diodes,[90] bandgap engineered devices[91] and diluted magnetic 
semiconductors (DMS) for spintronics.[92] 
  The doping of foreign cations can modify photoluminescence (PL) of zinc oxide. For instance, 
there have been disputes for decades on the origin of the green emission, centered at about 550 
nm in the undoped ZnO. Some researchers believe that it is related to intrinsic defect levels 
formed by point crystal defects like a doubly ionized zinc vacancy (VZn)[93] or an ionized 
interstitial (Zni),[94] oxygen vacancies (VO),[95] and/or interstitial oxygen (Oi),[95] have also been 
involved. While others consider that it comes from unintentional impurity of copper cations.[96] 
Further work[97] unified the controversy through the experimental results and suggests that the 
green emission band with a characteristic fine structure is most likely related to the copper 
impurities, whereas the structureless green emission band at nearly the same position and width 
may be related to a native point defect such as VO or VZn. 
  Li and Al doping in ZnO also produce extrinsic defects as acceptor and donor levels, 
respectively. Fujihara et al.[98] prepared (Al, Li)-doped ZnO thin films of desired the Al and Li 
concentrations via metal-organic decomposition method. They found when the Al concentration 
was fixed to 1 at. % and Li was varied between 0 and 3 at. %, the films exhibited a yellow 
emission centred at approximately 525 nm and its intensity decreased with Li content increase. It 
can be therefore proposed that the shallow levels can indeed produce yellow emission. The PL 
properties of the codoped ZnO films annealed under air, O2, N2, and H2/N2 atmospheres 
respectively have also been examined but none of them exhibited bluish PL. It is concluded that 
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doping by aliovalent cations in ZnO can quench the green emissions in comparison with the 
finding that undoped ZnO annealed under a reducing atmosphere can emit intense green PL 
centered at 498 nm.  
  ZnO nanoneedle arrays are suggested to be one of the most promising candidates for field 
emitters. And it has been demonstrated that field emission characteristics of ZnO 1D 
nanostructures could be enhanced by an increase in electrical conductivity by means of doping. 
Xu et al[89a] reported that the enhancement of field emission characteristics of ZnO nanofibre 
arrays can be achieved by Ga doping, and Jo et al[89b] also demonstrated that hydrogen annealing 
can affect the enhancement of ZnO nanowire field emission properties.  
  ZnO in wurtzite structure is naturally an n-type semiconductor because of small deviations from 
stoichiometry due to the presence of intrinsic defects such as oxygen vacancies and Zn 
interstitials.[99] Undoped ZnO shows intrinsic n-type conductivity with very high electron 
densities of about 1021 cm−3.[100] Compared to p-type, n-type doping in ZnO is much easier to 
obtain. Group-III elements Al, Ga, and In as substitutional elements for Zn and group-VII 
elements Cl and I as substitutional elements for O can be used as n-type dopants. The obstacles to 
achieve p-type ZnO are due to some reasons. Dopants may be compensated by low-energy native 
defects, such as Zni or VO, or background impurities (H).Low solubility of the dopant in the host 
material is also another possibility. A few papers[101] on p-type ZnO epitaxial thin films have 
been published. 
  There is a strong interest in the development of wide band gap semiconductor gas sensors for 
applications for instance in detection of fuel leak detection in automobiles, spacecraft and aircraft, 
fire detectors, exhaust diagnosis and emissions from industrial processes etc. ZnO is one of the 
most promising materials for gas sensor applications. Wang et al.[88] found that the conductivity 
increased rapidly over three orders of magnitude when Cd-doped ZnO nanowires were exposed 
to moist air of 95% relative humidity, which shows a promising application as humidity sensor. 
  As a most important II–VI semiconductor, ZnO has been applied in the field of dilute magnetic 
semiconductor (DMS) as a host material, in which 3d transition-metal ions (some magnetic ions, 
or ions which bear a net magnetic moment) including Co, V, Fe, Mn, substitute Zn cations in the 
zinc oxide lattice position.[92,99,102] As a consequence, the incorporated 3d metal ions bear two 
competing effects: strong localized 3d-host hybridization and strong Coulomb interactions 
between 3d-3d electrons. The hybridization between the transition-metal 3d and the host (ZnO) 
valence band leads to a number of peculiar and interesting magneto-optical and magneto-
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electrical effects. A single-phase ferromagnetic material could be potentially applied in devices 
based on the spin of electrons, such as polarized light emitters, chips that integrate memory and 
microprocessor functions, magnetic devices exhibiting gain and ultra-low power transistors.[99,102] 
  A new nomenclature has thereafter emerged as ‘spintronics’ (Spin transfer electronics). 
According to Ueda,[103] spintronics is the technology that transforms reading and writing 
information by spin rather than by electron charge. The key requirement for achieving practical 
application of spintronic devices is that the material is ferromagnetic (or Curie temperature (TC) 
above room temperature). ZnO-based DMS materials have been considered as the most 
promising spintronic candidate by theoretical prediction and experimental results. 
  Up to now, TC values higher than 300 oC are reported including Co-doped,[92b,103] V-doped,[104] 
Fe-doped and Co, Fe-codoped ZnO films.[105] However, there is still a great deal of controversy 
and discrepancy about the origin of the ferromagnetism in transition-metal-doped ZnO films. For 
instance, Ueda et al.[103] claimed the Curie point higher than 280 K for the Co:ZnO film grown by 
the pulsed-laser deposition method, but the reproducibility was less than 10% for their method. A 
more recent report gave their Curie points higher than 350 K and demonstrated intrinsic 
ferromagnetic behaviour for Co-doped ZnO films, whereas Jang et al.[106] claim that the room-
temperature ferromagnetism was an extrinsic phenomenon caused by the presence of Co clusters. 
Norton and coworkers[107] reported the presence of Co nanoclusters in Co+-implanted ZnO which 
exhibits ferromagnetism at room temperature, but the possibility of the component of the 
magnetic property due to Co substitution of the Zn in ZnO lattice could not be precluded.   
  Addition of impurities into a wide-bandgap semiconductor often induces variation of the band 
gap energy, the so-called bandgap engineering, which leads to the dramatic change in their 
electrical and optical properties.[91] For example, the fundamental bandgap energy of undoped 
ZnO material increases from 3.3 to 4.0 eV by alloying with MgO, depending on the Mg content, 
which might be practically used for fabrications of ZnO/ZnMgO heterostructure light emitters as 
well as ultraviolet photodetectors.[91b] The ZnO bandgap could be also narrowed to 2.8 eV by 
incorporating Cd into ZnO lattice, which is desirable for wavelength tunability. Band gaps 
corresponding to the visible spectrum are attained.[108] Due to the incorporation of foreign atoms, 
lattice parameters of ZnO wurtzite structure often change as well, because of the unmatched 
atomic radii of different metals . Fig. 1.3[91a] shows the a lattice parameter as a function of room 
temperature bandgap values in some wide-gap semiconductors. 
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Fig. 1.3. Optical and structural properties of Cd and Mg mixed ZnO alloys with regard to the a-
axis length and room-temperature bandgap energy. (In,Ga)N and (Al, Ga)N alloys are also 
shown. (Reprinted with permission from Ref. [91a]. Copyright 2001 American Institute of 
Physics.) 
 
1.2.2.2 Synthesis methods 
  In order to prepare ZnO-based MMO of high quality, several synthesis methods have been 
employed, including sol-gel,[109] polar laser deposition (PLD),[91b,c] metal organic vapor-phase 
epitaxy (MOVPE),[108] and molecular beam epitaxy (MBE).[91a] Nanostructured doped-ZnO 
materials such as nanowires,[110] nanoparticles[58a] have also been produced. It is worth noting that 
Wang et al.[110a] recently prepared large-scale Ni-doped ZnO nanowire arrays for the first time 
using a metal vapor vacuum arc (MEVVA) ion source doping technique. The doped nanowires 
have high crystallinity and few defects upon proper heating treatment. The electrical conductivity 
of as-synthesized Ni doped-ZnO nanowires was greatly enhanced and it was over 30 times after 
doping. The photoluminescence (PL) spectrum was red shifted, suggesting possible doping 
induced band edge bending.  
  Indeed, the synthesis methods for metal oxide alloys are not as abundant as for binary oxides 
due to the difficulties to control the stoichiometry and composition homogeneity. The size and 
shape of the particles or microstructure of MMO thin films are important parameters for the 
possible application as materials. Mechanical mixing of precursors followed by a firing process 
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to achieve the desired MMO is the traditional method. The process starts by ball-milling a 
mixture of different kinds of pure metal oxides or thermally labile metal salts (e.g. carbonates, 
acetates, nitrates) and the resulting blend is then subjected to temperature controlled heating 
protocols.[111] However, due to the problems of controlling the grain growth and segregation 
phenomena occurring during calcination and contamination introduced in the course of the 
blending, it is difficult to create high quality materials. This method is obsolete for modern 
material synthesis.    
  Spray pyrolysis is another method frequently used to synthesize MMO of homogeneous 
composition at the atomic length scale for instance the case of Y3Al5O12.[112] A further method 
rests on sol-gel chemistry starting from hydrolysis of metal ion containing precursors to produce 
an intermediate oxy-hydroxyl-gel which is then subjected to controlled heating (calcination) to 
give ceramic powders of desired composition. Sin and Odier[113] reported the synthesis of a series 
of MMO of the type La0.85So0.15MnO3, La2Cu NiO6 and BaZrO3 in which the EDTA complexes 
of the metal ions were stabilized in a polyacrylamide gel prepared in situ. The pyrolysis of the 
dry mixture of the gel with the EDTA metal complex at temperatures above 700°C gave the 
desired MMO. This is a variation of the Pechini method,[114]  which has been widely used in the 
past. 
  Hydrothermal synthesis is an approach in which nucleation and growth of the desired MMO 
particles takes place in water or another liquid medium at relatively low temperature and under 
mild conditions. PbZr0.7Ti0.3O3[115] and BaTiO3[116] have been obtained using such method.  
  In this work, a polymer-based method is used to prepare binary oxides and ZnO-based mixed 
metal oxides nanoparticles. 
 
1.3 Synthesis of metal oxides via polymer precursor as a promising method  
  The so-called polymer precursor method is not a typical ‘method’ that conforms to the 
classification of methods as listed above. The process may be involved in either sol-gel process, 
or hydrothermal, or wet chemical route or even emulsion process. The definition employed here 
is to refer to a strategy for preparation of ceramics or inorganic powders derived from a pre-
synthesized polymeric (organic or inorganic) precursor. Typically, the precursor is homogeneous 
and amorphous and is used as an intermediate to the final product. 
  Early work using a polymer as precursor attempted to produce inorganic ceramics, for instance, 
β-SiC,[117] B4C[118]. The pioneering synthesis of SiC was performed by Yajima and coworkers.[117] 
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They prepared polysilanes as a precursor from chlorosilane, which was then converted to the 
ultimate product upon controlled pyrolysis after thermally-induced crosslinking of the polymer. 
The concept of polymer as precursor was further applied in the synthesis of (mixed) metal oxides 
because of the innate advantages over other methods, for example, homogenous morphology and 
high purity of the resulting oxides, lower processing temperature, low cost and environmental 
friendliness etc. The synthesis of metal oxides via hydrolysis of metal alkoxides, a typical sol-gel 
process, is within the context of polymer precursor ‘method’. As shown in scheme 1.1, an 
inorganic polymer forms as gel-like precipitation and is then subject to a heating treatment to 
give desired metal oxides.  
  Further development in the polymer precursor method was achieved by Pechini,[114] who used 
water soluble metal salts instead of non-ionic alkoxides to prepare metal oxides. Typically, the 
synthesis begins with complexation of metal salts with hydroxycarboxylic acids (citric acid) to 
form a uniform aqueous solution. Subsequently, the solution is evaporated until a viscous mass is 
obtained, which forms a homogeneous precursor via esterification with a polyhydroxyl alcohol 
(ethylene glycol) upon a short heat treatment at temperatures lower than 300 oC. The obtained 
amorphous precursor is then pyrolyzed to form (mixed) metal oxides. The method is successful in 
preparation of more than hundred (mixed) metal oxides. Tai et al. [119] worked out the optimal 
reaction conditions for the Pechini method by varying the organic mass ratio between the citric 
acid and ethylene glycol. They found that the most porous precursor was achieved at equal molar 
ratio of the two components. And a premixing of the organics prior to adding of metal salts leads 
the whole process more controllable. Perovskite PbTiO3 powders were prepared by the typical 
Pechini process at relatively low temperatures, viz. 400-600 °C.[120] A yellowish transparent 
polymeric gel was formed without any precipitation via heating of a mixed solution of citric acid 
(CA), ethylene glycol (EG), and Pb and Ti ions with a molar ratio of (Pb/Ti/CA/EG ) 1/1/10/40 at 
130 °C, which after pyrolysis at 300 °C was converted to a powder precursor for PbTiO3. 
Chemical analyses showed no PbO loss during calcination of the powder precursors at 400-700 
°C, which led to the conclusion that a solid-state reaction between isolated PbO and TiO2 
particles was not responsible for PbTiO3 formation, but PbTiO3 formed directly by thermal 
decomposition of the powder precursor above 400 °C. 
  A variation was introduced by Ober and coworkers,[121] who prepared a preceramic polymer 
precursor by conventional radical polymerization of a metal acrylate of desired compositions. 
The as-synthesized Cr-doped forsterite (Cr-Mg2SiO4) nanoparticles from calcination of precursor 
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were less than 100 nm in diameter. The material showed interesting photoluminescence features 
in the near- IR range and was suggested for possible utility as a tuneable laser source.  
  Metal oxides of special morphology could be accomplished by combination with other 
techniques. It was reported very recently that a three-dimensionally ordered macroporous (3DOM) 
materials of perovskite-type La1-xSrxFeO3 (x: 0-0.4) MMO is produced using a colloidal crystal 
template.[122] The preparation process is actually based on the typical Pechini method. Mixed 
metal nitrates were dissolved in ethylene glycol-methanol mixed solvent and allowed to penetrate 
into the colloidal template of polystyrene spheres. During the calcination process, the mixed 
metal nitrates react with ethylene glycol and are converted to mixed metal glyoxylates in the 
voids of the colloid before the polymer spheres burst. After removing the template, the mixed 
metal glyoxylates were converted to the mixed metal oxides.  
 
1.4 Motivation and strategy of this work 
  Notwithstanding the merits of the Pechini method, it has some disadvantages due to the nature 
of the sol-gel process, for example, inhomogeneities in the product phase, imprecise 
stoichiometry between the different metal components in the MMO and impurities introduced by 























Synthesis of (mixed) metal oxide powders by pyrolysis of (mixed) metal poly(acrylates)  
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  In this work, a process which differs in important details from previous methods is used to 
prepare binary oxide and mixed metal oxide nanoparticles with controlled composition. The 
method starts with the preparation of a defined polymer-metal salt complex which is water 
soluble and can be purified by precipitation/redissolution cycles. Such complexes can be prepared 
to contain one or more different metal ions. The metal ion density which refers to the ratio 
between the ionogenic sites fixed to the polymer backbone and the number of metal ions per 
chain can also be changed by dilution with non-metallic counterions. These cation-loaded 
polymer precursors can be used as starting material for synthesis of (mixed) metal oxide by 
various methods such as hydrothermal synthesis, thermal decomposition, spray pyrolysis, etc. In 
this work, the purified complex in dry form is calcined at relatively low temperature to give 
nanosized crystals of binary metal oxide or MMO powders. The polymer-metal salt solution can 
also be processed by spin coating, drop casting or similar procedure to obtain polymer precursor 
films for further production of metal oxide films. The composition of the precursor polymer 
defines the stoichiometry of the MMO in cases in which a phase segregation of MMOs of 
different structure doesn’t occur during calcination (Scheme 1.3).  
  In chapter 2, the synthetic method is applied for preparation of pure zinc oxide nanoparticles. 
The polymer precursor is obtained based on established method of polymer chemistry and zinc 
oxide is formed by controlled calcinations of the precursor. The obtained ZnO powder was 
characterized by various tools like XRD, SEM, TEM and its optical properties were studied by 
photoluminescence, electron paramagnetic resonance (EPR), FTIR and Raman spectroscopy as 
well. The sintering and growth of the nanoparticles by thermal annealing is investigated and the 
influence on the PL of the material is also studied. 
  In chapter 3, nanocrystalline ZnO film is prepared via pyrolysis of a precursor film, owing to the 
solubility of the polymer precursor in water. The obtained ZnO films are checked for deep 
understanding on the nanoparticles formation and growth by means of SEM and TEM. The 
optical properties of the films fabricated in different atmospheres are studied.  
  In chapter 4, metastable type mixed metal oxides (MMO) including Zn1-xMgxO and Zn1-xCoxO 
are successfully prepared by controlled pyrolysis of the corresponding polymer precursor at 
relatively low temperature. The MMO nanoparticles are characterized by electron microscopy 
such as SEM, TEM and X-ray powder diffraction. The effects of band gap engineering is seen in 
the Mg:ZnO system. The photoluminescence in the visible is enhanced by incorporation of Mg 
ions on Zn ions in the hexagonal lattice sites, while the visible emission is suppressed in the 
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Co:ZnO system. The magnetic property of the Co-doped ZnO is investigated and no 
ferromagnetism is found in the samples. 
  In chapter 5, an alternative way to prepare polymer precursor and corresponding metal oxide is 
presented, which starts from a water-in-oil miniemulsion and the polymer precursor is formed by 
radical polymerization. As a supplementary method, it is believed to be applicable in many metal 
oxide synthesis. Zinc oxide nanoparticles are synthesized using the method and the product is 
compared with that obtained from polymer-salt complex method. 
  In chapter 6, surface modification of the as-synthesized ZnO nanoparticles was investigated via 
a phosphate modifier. The morphology of the modified particles is checked by SEM. And the 
dispersibility of the ZnO nanoparticles is improved after surface modification as proved by means 
of dynamic light scattering and zeta-potential measurements.  
  In the last chapter (chapter 7), a summary and conclusion of this Ph.D. work is presented. 
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2       ZnO Nanoparticles: Synthesis and Characterization 
 
2.1. Introduction 
  The application of polymer as precursor to produce high quality inorganic particles has been 
studied for decades.[1-3] Pechini[4] firstly exploited the popular polymer-to-ceramic method for 
metal oxides production, in which a chelate is formed between cations and citric acid and 
thereafter the polymeric precursor comes into being by crosslinking reactions with ethylene 
glycol at a temperature around 300 oC. The method has been modified in the later years. 
Lessing[5-6] and coworkers attempted to replace citric acid with polyacrylic acid for more 
homogeneous mixing and wished to obtain more uniform particles and homogeneous 
morphology of the products. However, As well known, this Pechini process actually is based 
on a sol-gel mechanism. Therefore, the intrinsic disadvantages of the sol-gel process is 
inevitable, for instance, imprecise control of the stoichiometry, contamination introduced 
during the mixing of metal salts. All these drawbacks impair the quality of the final product. 
Especially, the structure of the expected network-like polymer precursor and the effects of the 
different species (complexing groups, counterions and coions) on the final product are 
hitherto not clear yet although some preliminary characterization using C13NMR and IR[7] 
confirms the binding of metal cations and the complexing groups.  The mechanism of crystal 
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  Based on the polyelectrolyte system and established methods in polymer chemistry, the 
method used here (see scheme 2.1) has some virtues for metal oxides synthesis. As an 
environmental and economical friendly system, the mild and simple preparation conditions 
ensure its wide industrial application, while the process from polyelectrolyte system to solid-
state chemistry ensure its interest and importance in fundamental research; it is suitable for 
various metal ions like Mg, Zn, Co, Fe et al. The precursor can absorb different kinds of metal 
ions. Thus, by sequentially adding different metal salts with predetermined ratio of 
concentration which prevents the polymer from preferential retention of a certain cation, 
preparation of mixed-oxide compounds with very precise stoichiometry could be achieved, 
like Zn1-xMgxO and Zn1-xCoxO. This part of work is described in detail in Chapter 4; finally, 
due to the good solubility of the polymer precursor in water, the polymer-metal salt solution 
can also be processed readily by spin coating, drop casting or similar procedure to obtain 
polymer precursor films. 
   
Table 2.1 Properties and parameters of wurtzite ZnO[ 9]
Property Parameter 
Lattice parameter at 300 K  
a 0.32495 nm 
c 0.52069 nm 
a/c 1.602 (ideal hexagonal structure shows 
1.633) 
Density 5.606 g/cm3
Melting point 1975 oC 
Thermal conductivity 0.6, 1-1.2 
Linear expansion coefficient a: 6.5 × 10-6 /oC                c: 3.0 × 10-6 /oC 
Static dielectric constant 8.656 
Refractive index 2.008, 2.029 
Band gap 3.4 eV 
Intrinsic carrier concentration <106 cm-3 (max n-type doping>1020 cm-3 
electrons; max p-type doping<1017 cm-3 
holes 
Exicton binding energy 60 meV 
Electron effective mass 0.24 
Electron Hall mobility at 300 K for low n-
type conductivity 
200 cm2/V s 
 
Hole effective mass 0.59 
Hole Hall mobility at 300 K for low p-type 
conductivity 
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  Zinc oxide is one of the most important and representative metal oxides, which is promising 
for wide range of technical applications such as pigments, cosmetics, varistors, chemical 
sensors and optoelectronics.[8] ZnO has only one crystal phase, i.e. hexagonal structure and 
the basic physical parameters are already known (see Table 2.1). Thus, we choose ZnO as a 
model synthesis via this polymer-based method. 
 
2.2 Preparation of zinc polyacrylate precursor 
2.2.1 Characterization of the ZnPA precursor  
  The polymer precursor for production of zinc oxide is prepared by simply mixing of 
polyacrylic acid (PAA) and zinc salts (typically zinc nitrate) in aqueous solution with the 
initial molar ratio (K = [COOH]/[Zn] ) 10 for high retention of metal cations to the polymer. 
Next, the pH of the solution is adjusted by ammonia to over 5. It is well known that in 
aqueous solution zinc cation complexes with carboxylate group by one or several 
coordination types in neutral or alkali medium.[10] The main reactions which occur in the 



















  It is estimated that several kinds of species such as zinc polyacrylate (ZnPA) complex, Zn2+, 
Zn(NH3)n2+, NO32-, NH4+ and OH-, etc coexist in the reaction mixture.  In order to separate the 
ZnPA precursor from other species, the reaction mixture was precipitated into the nonsolvent 
acetone. The ZnPA was collected by centrifugation and washed and finally dried in vacuo at 
relatively low temperature (less than 50 oC). The solid polymer complex appears as a 
colorless powder. 
  UV spectrum is a powerful tool to study the solution system. As shown in Figure 2.1a, pure 
PAA shows slight absorption beyond 273 nm, possibly due to oligomer or unreacted 
monomer, while zinc nitrate solution has only one evident pick at 300 nm due to nitrate ions. 
The simple mixing of the two solutions doesn’t result in any new absorption peak in the 
UV/Vis range. With adding ammonia, when pH is over 6, the peak at 273 nm splits into two 
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peaks at 268 and 275 nm. Comparing the UV spectra (Fig. 2.1b) of the reaction mixture and 
the redissolved precursor, it is found that all the absorption at 268, 275 and 300 nm 
disappeared after precipitation which indicates that the polymer precursor is effectively 
purified in the process. 












 reaction mixture (pH10)
 redissoved ZnPA precursor




















Fig. 2.1. UV spectra showing differences in absorption between (a) Zn(NO3) and PAA; (b) 
reaction mixture and redissolved ZnPA precursor. 
 
    For deeper insight to the wet chemical process, we need to understand the zinc ion behavior 
in aqueous solution under different conditions. Fig. 2.2 is the phase diagram of zinc species in 
aqueous solution at different pH and concentration.[11] In the diagrams the dashed lines denote 
the thermodynamic equilibrium between the Zn(II) soluble species and the solid phases. The 
solid lines represent the total concentration of the soluble species as a function of pH, i.e., the 
solubility of the solid phases. The diagrams indicate that at concentration of Zn2+ around 0.01 
M, the soluble species become unstable over pH 7. The red area is the working area in this 
experiment. With the conditions (initial zinc concentration, pH) employed here, a direct ZnO 
or zinc hydroxide deposition is expected. However, in our experiment no such precipitate or 
deposit was found before pouring the solution into nonsolvent. And the UV profile as seen in 
Fig. 2.1b does not show any trace of ZnO band gap in the redissolved precursor solution 
within the range of 300 to 400 nm where crystalline ZnO has a strong absorption. 
The reasonable explanation is that the zinc ions are mostly absorbed by the polymer chain and 
the ammonia has functioned as ligand, which may prohibit the formation of ZnO 
precipitates.[12] Yamabi and coworkers[11] systematically examined the deposit of zinc oxide or 
zinc hydroxide by adjusting the conditions such as R (the ratio of ammonium to zinc ions) and 
pH in aqueous solution. It was found that ZnO crystals (wurtzite structure) were precipitated 
at pH values from 9 to 13. The mode of the deposition was influenced by value of R, i.e. the 
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ammonia concentration with regard to zinc species. At low R conditions (~20), precipitation 
rapidly occurred via homogeneous nucleation in the bulk without heterogeneous nucleation. 
No solid phases were produced with relatively high R values (30–50) at pH 8.5–11.5 and 
above 12.5. When a great amount of the complexing agent (R>50) was used, the soluble 
species were apparently stabilized. Thus, an increase in R could suppress the homogeneous 





























 2                   6     pH 10                 14 
.2. Phase stability diagrams for the a) ZnO(s)–H2O and b) Zn(OH)2(s)–H2O systems at 
 as a function of pH.[11] The red area is the working conditions employed in this 
iments. 
 
 assumed therefore that in our experiment due to the formation of a polymer-metal 
lex and ammonia, zinc ions do not generate solid deposits even in the basic environment. 
tability of the ZnPA complex in aqueous solution was checked by UV spectra. Fig. 2.3 
s the change in UV spectra of the redissolved ZnPA solution with regard to time. It is 
 that ZnPA UV spectra remain unchanged after 5 days, but at the 11th day, the 
length lower than 300 nm began to show absorption; at 15th day, two slight absorptions 
 and 312 nm appear, indicating the formation of new species (possibly nuclei of ZnO) in 
lution. Actually, plume-like deposit could be observed in the redissolved ZnPA solution 
15 days. Therefore, the precursor of ZnPA complex may undergo a very slow deposition 
on in the aqueous solution. 
mmary, a deep understanding of the reaction which takes place in the wet chemistry 
ss is possible based on the results listed above. Simultaneously, the zinc ions may 
lex with carboxylate group of the polymer chain and ammonia in the solution. The 
tion of ZnPA complex causes the free zinc ions concentration to decrease significantly, 
 the rest Zn2+ is mostly captured by ammonia which can retard the ZnO or Zn(OH)2 
tion[12] and is subsequently removed in the precipitation process. Due to the significant 
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decrease of Zn2+ concentration, the system ‘jumps’ out the ZnO precipitation area in the phase 
diagram.  













Fig. 2.3. UV spectra showing the stability of ZnPA redissolved solution with time. 
 
    The viscosity of the as-synthesized ZnPA precursor was investigated, too. As is well known, 
one of the primary differences that distinguish polyelectrolytes from neutral polymers is the 
viscosity behaviour. Typical polyelectrolytes in a salt-free aqueous solution exhibit a specific 
behavior, i.e. decrease in the reduced viscosity with an increase in polyelectrolyte 
concentration. This behavior is explained as that with decrease of the polyelectrolyte 
concentration, the ionization degree (dissociation degree α) increases and the released ions 
form an ionic atmosphere higher than the diameter of polymeric coil. The repulsion among 
the ions increases the rigidity of the chain, expanding the polymeric coil with a consequent 
increase of the viscosity.[10c] However, adding an inert low molecular weight electrolyte like 
NaCl, the strong electrostatic interactions are increasingly screened and the polyelectrolyte 
behaves more like a neutral polymer. 
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 the corresponding zinc-loaded polymer precursors. Fig. 2.4a shows viscosity 
 ZnPA precursors measured by Ubbelohde viscometry at room temperature. 
acrylate prepared via the same procedure as ZnPA was used as reference and 
. We can assume that the structure of ZnPA5K is very similar as that of 
nly difference that zinc ions substitute some portion of ammonium groups. 
 precursors of ZnPA as well as PANH4 show typical polyelectrolyte 
dicates that the ZnPA solution is a ‘salt-free’ system, because presence of 
n will change the shape of the viscosity curve. And it further proves the 
y of the precipitation process. In the past, the separation of metal 
plex from the coions and other spies has been attempted by methods like 
r membrane separation.[13] However, due to the inefficiency of the methods, 
hesis of salt-free polymer metal complex was difficult.  
 it is found that the viscosity of ZnPA is lower than that of PANH4. The 
ation is that the complexation between zinc and carboxylate group makes 
lar coil tighter, which decreases the volume of the polymer chain. The results 
nteraction of carboxylate groups and zinc ions is preferentially intrapolymer. 
scosity of ZnPA would be enlarged considerably. It is incorrect to simply 
ced viscosity of ZnPA and PAA, because the ZnPA is obtained from 
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solution at pH 10, while the pH increase stretches the PAA chain and increase the viscosity, 
so that PANH4 employed as reference in this experiment is necessary and reasonable. 
  Generally, in the case of pure polyelectrolyte solutions the ηred–c curves cannot be 
extrapolated to zero polyelectrolyte concentration for intrinsic viscosity [η] determination. 
This problem can be solved in two ways: (1) by means of empirical equation; (2) through 
screening the polyelectrolyte behaviour by addition of low-molecular weight salts. Fuoss[14] 
equation provides a usable method to determine the intrinsic viscosity of polyelectrolyte 
solutions.  
 
                                                                                  (2.1) )1/(/ 5.0CBACsp ⋅+=η
Fig. 2.4b gives the results of applying this method in samples ZnPA5K, PANH4 and 
ZnPA100K. As seen, straight lines are obtained for all samples in the concentration range and 
the intrinsic viscosity is calculated 0.00890, 0.0198 and 0.220 L/g respectively, although 
practically these values have no physical meaning. 














Fig. 2.5. The effect of pH on the retention of the zinc ion onto the polyacrylate chain. 
 
  The composition of the ZnPA precursor could be analyzed by means of atomic absorption 
spectroscopy (AAS) and elementary analysis (EA). Fig. 2.5 is the retention of zinc ions in the 
precursor at different pH solutions defined as the ratio of the amount of zinc bound to the 
polymer to the initial amount of zinc. The result indicates that in a wide pH range about 87% 
of initial zinc was bound to the polymer. The pH has no obvious influence on the retention of 
zinc, but it affects the ratio of ammonium and zinc in the precursor as shown in Fig. 2.6. This 
is due to the neutralization degree of the carboxylic acid which increases with pH. The molar 
ratio of zinc with regard to the carboxylate group in the polymer precursor is defined as 
loading. The loading of zinc with respect to the initial ratio between the carboxyl and zinc 
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salts concentration in the feed is described in Figure 2.7. It is found when the ratio is below 3, 
the polymer complex directly precipitates out from the reaction solution. The reason possibly 
comes from two aspects:  One is that the interpolymer structure gradually becomes dominant 
when the zinc ion concentration increases and it cannot dissolve in water any more. In other 
word, zinc ions induce crosslinking of the PAA chains; the other is that more carboxylate 
group are quenched by oppositely charged zinc cations, forming coulombic bonds or site-
specific bonds, which are insoluble in water.  
  Because the carboxyl group concentration is by far larger than that of zinc cations (normally 
10 folds in molar ratio), it is expected that intrapolymer other than interpolymer complex is 












Fig. 2.6. pH effect on the ratio of ammonium and zinc ions in the ZnPA precursor. 
































 of zinc in the precursor versus the initial ratio of carboxyl to zinc. 
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Fig. 2.8. a) DLS correlation function and b) size distribution of ZnPA solution at different pH. 
The scattering angle is 90o. 
 
  The powder of zinc polyacrylate was examined by powder X-ray diffraction (XDR) which 
shows a pattern confirming the amorphous structure of the polymer precursor (Fig. 2.9).  










Fig. 2.9. XRD pattern of ZnPA precursor confirming the amorphous structure. 
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resolution TEM images prove the amorphous structure of the polymer precursor (Fig. 2.10d). 
The zinc mapping of the image indicates that the zinc elements are homogeneously distributed 
in the whole polymer matrix (Fig. 2.10e,f). It is worthwhile to note the not very clear layered 
structures shown in Fig. 2.10c with the interlayer gap clearly seen, possibly interpreting the 
broad peak in the correspondent x-ray diffraction pattern at low angle.  
 
2.2.2 Interaction of zinc ions and carboxylate groups  
  It is interesting to understand the short and long-range structure of the zinc polyacrylate 
precursor, for example, the interaction of zinc ion with carboxylate group of the polymer. The 
research interest started from the interaction of the polyelectrolyte with the counterion in 
solution. A titration method has been used to determine the complex formation of polyacrylic 
acid with various divalent metal ions and gave the stability sequence as Cu2+ > VO2+ > Co2+ > 
Ni2+, Zn2+.[16] With more advanced techniques like light scattering, deeper insights into the 
fine structure and chemistry of the complex were obtained. Kolawole et al.[17] found the 
molecular weight of polymethacrylic acid doubled in the presence of Zn2+ or Cu2+ via an 
intermolecular binding. A conformational change of the polyelectrolyte induced by metal ions 
was also detected. Huber[18] studied the conformation of diluted polyacrylate solution in water 
with Sr counterions using anomalous small-angle X-ray scattering. The counterions were 
found to be located in sphere-like clusters, which are compatible with collapsed subdomains 
within the polyacrylate macroions. A model of pearl-necklace–like structure was generated 
therefrom. Based on the experimental results, several theories have been derived for 
interpretation of the interaction between the metal ions and the polyelectrolyte.  Manning’s 
limiting law[19] assumes that the interaction is long-range and counterions are nonspecifically 
electrostatically attracted by the polyelectrolyte. Counterions condense onto the polymer or 
become free dependent on the charge density of the polyelectrolyte. Harvey et al.[20] generated 
a lattice theory in which site-specific short range interactions are also considered. They 
derived that the short-range interaction increases with the valence of the metal ion increasing 
but its magnitude is relatively unimportant in comparison with the long-range interactions. 
However, because of the complexity of the polyelectrolyte system and many parameters like 
ionic strength, morphology of counterions and polyions, temperature that may influence the 
interaction, the theory still needs to be advanced to meet the experimental results. 
  Spectroscopic methods such as IR, Raman and X-ray absorption spectroscopy (EXAFS) 
have also been applied in the study of complexes or coordination structures of the carboxylate 
(especially acetate) group with metal ions. 
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  Generally, there are four representative modes of bonding that could be exhibited by the 
carboxylate (COO-) group toward a divalent metal ion: ionic, unidentate, bidentate (chelate), 
and bridging (see scheme 2.3). The bidentate form refers to the structure that a metal ion 
interacts equally with the two oxygen atoms of the COO- group, whereas in the unidentate 
form it interacts with only one of those oxygen atoms. In the bridging form, a metal ion 
interacts with one of those oxygen atoms, and another metal ion interacts with the other 
oxygen atom. When one of these metal ions is replaced by a hydrogen atom of a water 
























  The correlation between the carboxylate group stretching frequencies and the types of COO- 
coordination has been reported, although controversial spectroscopic data were reported by 
different researchers. Deacon and Phillips[21] examined the structures and vibration 
frequencies observed from a number of acetate salts in the solid state and summarized an 
empirical rule for the correlation between νa-s (frequency difference between the carboxylate 
antisymmetric and symmetric stretches) and the types of coordination of the COO- group to 
divalent metal cations, which is expressed as νa-s (unidentate) > νa-s (ionic) ≈ νa-s (bridging) > 
νa-s (bidentate). They found that the existence of the COO- antisymmetric stretching band at 
1553 cm-1 and the COO- symmetric stretching band at 1424 cm-1 is a feature characteristic of 
Ca2+-bound proteins. Nara[22] confirmed the correlation between the vibration and the 
coordination type and clarified the theoretical basis by means of ab initio molecular orbit 
calculation of several carboxylate compounds, which is the first case in which quantitative 
derivation of the vibration frequencies was achieved. The case of zinc cations with 
carboxylate has been studied too. Sakohara[23] gave the correlation between the frequency 
difference of the carboxylate antisymmetric with symmetric stretches and the types of 
coordination of the COO- group to zinc as unidentate (∆ν:152 cm-1), bidentate (∆ν:94 cm-1) 
and bridging (∆ν:159 cm-1) . 
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  Zinc complexes with polymer have been investigated by measurement of extended x-ray 
absorption fine-structure (EXAFS). The near-neighbour environment of the bound cation in 
several ionomer systems, which is defined as copolymers containing less than 10 mol % ionic 
comonomer has been determined. Grady[24] studied a series of zinc-neutralized ethylene-
methacrylic acid ionomers by EXAFS. Neutralization methodology, neutralization level and 
methacrylic acid content were varied to test whether any of these factors affected the local 
environment of the zinc cations. Despite the substantial differences in sample preparation 
procedures, the local environments around the zinc atoms were identical in all materials, 
resembling the arrangement of atoms in the crystal structure of monoclinic anhydrous zinc 
acetate (tetracoordinated). Ishioka[25] concluded in the study of the same ionomer that in 
infrared spectra the 1620 cm-1 could be assigned to the zinc acid salt, while the 1565 and 1536 
cm-1 was due to hexa-coordinated complex structure and 1585 cm-1 to tetra-coordinated 
structure.  
  Rheology results from Vanhoorne[26] proved the existence of a ‘special interaction’ between 
zinc ions and carboxylate groups in the zinc-loaded ionomer of ethylene-methacrylic acid, 
which shows distinctly different behavior in comparison with sodium neutralized ionomers. 
The zero-shear viscosity is significantly higher for Zn ionomers. The free acid groups 
substantially lower the viscosity of Na ionomers but have no discernable effect in Zn 
ionomers. Thus, the conclusion is derived that Na ions can hop between the COO- groups but 


































 FT Infrared spectra of PANH4, ZnPA and PAA. 
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  Pan et al.[27] found that the Zn-O bond length increases with the zinc coordination number 
increasing from 4 to 6. And they suggest to determine the nearest neighbour coordination 
number of zinc carboxylate complex via measurement of the bond length in tetra-, penta- and 
hexacoordinated compounds.     
  Fig. 2.11 presents the FTIR spectra of PAA, ZnPA and PANH4. It is seen that PAA has a 
strong peak at 1700 cm-1 due to the COOH group. For the samples of ZnPA and PANH4, the 
intensity of COOH decreases significantly, indicating the neutralization reaction with 
ammonia. In the region of 1200-1600 cm-1, ZnPA shows absorption bands at 1538 and 1436 
cm-1 corresponding to antisymmetric and symmetric stretching of the carboxylate group 
respectively. The difference is consistent with the bidentate form. However, a simple 
assignment of the absorption at 1436 cm-1 to the symmetric stretching of COO- group seems 
audacious because of the interference of the polymer backbone (CH2 bending), which shows 
weak absorption around 1440 cm-1 as well. Moreover, the ammonium polyacrylate shows 
very similar profile as zinc polyacrylate, which makes the assignment more complicated. 
Fig. 2.12 is the Raman spectra of PAA and ZnPA. In the range of 2000-500 cm-1, different 
bands of PAA and ZnPA are observed. The band at 1576 cm-1 is due to the antisymmetric 
stretching of the carboxylate group. Both of the absorptions at 1459 and 1405 cm-1 should be 
assigned to the symmetric stretching of carboxylate because in Raman spectrum the CH2 
group shows only a very week band.[28] This indicates possibly two different binding 
structures between zinc ion and carboxylate group. The bend at 688 cm-1, the out-of-plane 
vibration at 626 cm-1 and the rocking band at 520 cm-1 of the carboxylate group are also seen. 

















Fig. 2.12. FT Raman spectra of PAA and ZnPA. 
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   Although no absolute structural conclusions can be drawn based solely on IR and Raman 
data of the ZnPA precursor, several points regarding the nature of the chemical structure 
could be concluded through the above discussion and comparison of the obtained results with 
the reported ones. Firstly, the interaction of the divalent metal ion is different from that of 
monovalent metal. Because of the high valence and stronger coulombic interaction, it is very 
difficult for zinc atoms to hop among the carboxylate groups in the polymer.  Secondly, 
several different zinc carboxylate bonding structures may coexist in the polymer complex due 
to the relatively weak interaction of zinc ion with the polymer. The coordination structure 
such as unidentate and bidentate which exists widely in the zinc carboxylate salts likely exists 
also in this case. 
 
2.3 Formation of ZnO Particles from the ZnPA precursor and Characterization 
  The obtained colorless powder is amorphous, which converts to zinc oxide powder by 
pyrolysis in a high-temperature oven with a heating rate of 5 oC/min. The pyrolysis process 
was followed and investigated by various tools like thermoanalysis, X-ray diffraction, 
spectroscopy, etc.  
2.3.1 Thermoanalysis   

















Fig. 2.13. Typical TGA and DTGA curve of zinc polyacrylate with a heating rate of 5 oC/min.  
 
  Among thermal analysis techniques thermogravimetry (TGA) is the one in which the change 
of sample mass in a variety of gas atmosphere is determined as a function of time or 
temperature. Quantitative measurements of the mass-change are possible. The first order 
derivative of the mass change with respect to the time, the so-called DTGA, is a useful way to 
differentiate the reaction steps. Typically a series of peaks are obtained in which the area 
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under the peak is proportional to the total mass-change of the sample. Fig. 2.13 shows the 
representative curves of TGA and corresponding DTGA of a ZnPA sample. 























Fig. 2.14. DSC curve of the ZnPA sample with a heating rate of 5 oC/min.  
 
  The theoretical yield of ZnO calculated from the zinc content in ZnPA is around 10%, 
depending on the precise content of zinc in the precursor. The curves give a constant weight at 
16.2% after 500 oC. From DTGA it is shown that the pyrolysis process undergoes three main 
weight loss steps, i.e. 50-260 oC , 260-400 oC and 400-500 oC. The result is consistent with 
that of DSC as seen in Fig. 2.14, where the curve shows exothermal peaks centered at 86, 203, 
368 and 446 oC, corresponding to the decomposition steps. The first peak may be due to the 
small amount of water release in the wet sample. The other three conform well to the DTGA 
results. 































Fig.2.15. TG-MS plot of ZnPA precursor. The M/Z values of 18 and 44 indicate water and 
CO2 molecules as products of thermal decomposition. 
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    The chemical process involved in each steps could be further characterized by Mass 
Spectra which is connected to the TGA equipment as seen in Fig.2.15. The peaks of M/Z 18, 
44 indicate that the main weight loss is due to the escape of water and CO2. 
 




























Fig.2.16. TGA  plots of ZnPA with different heating rates. 
 
  Pyrolysis of ZnPA at different heating rates was checked by means of TGA. Fig. 2.16 shows 
the TGA curves of ZnPA at different heating rates from the slowest of 1 oC•min-1 to the 
fastest of 10 oC•min-1 using air as carrier gas and Fig. 2.17 is the corresponding first order 
differential TGA , so-called DTGA,results. All the curves show similar profiles indicating the 
same pyrolysis steps. 
 
 




























Fig.2.17. DTGA  plots of ZnPA with different heating rates. 
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Fig. 2.18. The relation of the peak temperature from DTGA with different heating rates.  
   
  The experiment with the lowest heating rate gives the lowest yield of ZnO, which is due to 
the longer calcination time and therefore less unvolatilized residue left. And with faster 
heating rate, the peak positions appear at higher temperatures. The peak temperature (TP) 
derived from DTGA is plotted with respect to heating rates (β) as seen in Fig. 2.18.  A linear 
relation of peak temperature with regard to the heating rate is observed. 
 
2.3.2 X-ray diffraction 
  The XRD patterns show the evolution of zinc oxide from the precursor upon calcination (Fig. 
2.19). The typical protocol for the heating treatment of the precursor powder is set up as 
following: 
 
    Room temperature                                      500 oC                            500 oC 
heating 5 oC /min isothermal 1 h 
   
  The precursor remains amorphous when the temperature arrived at 125, 250 oC even as high 
as 370 oC. This is the unique property of this precursor polymer, which is quite different from 
previous reports. Shim et al.[29] followed the typical Pechini method and reported that in their 
experiment the amorphous-crystal transition from polymer precursor to zinc oxide took place 
at 300 oC and was complete at 400 oC. It is notable that 300 oC is a critical temperature at 
which a good many of zinc salts convert to ZnO by direct thermal decomposition such as zinc 
nitrate hexahydrate,[30] zinc acetate dihydrate[31] and zinc oxalate.[32] Therefore, the stability at 
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high temperature is unique to this polymer precursor and distinguishes it from those obtained 
by previous methods. 















Fig. 2.19. XRD pattern showing the ZnPA precursor pyrolyzed at different temperatures and 
formation of the ZnO. 
   
  The crystallation of zinc oxide in our experiment happens actually in the third weight loss 
stage. When the temperature was increased to 500 oC, the formation of zinc oxide is observed. 
The diffraction pattern is consistent with JCPDS card 36-1451. The difference between the 
samples with and without isothermal annealing is also distinguishable. After the 1 h 
isothermal annealing at 500 oC, the amorphous halo between 2θ 20-30o disappeared, 
indicating the increase of crystallinity.  
2.3.3 FTIR and Raman Spectra 
2.3.3.1 FTIR spectra 
  The evolution of zinc oxide from zinc polyacrylate precursor powder was investigated by 
means of FTIR spectroscopy. The experiment is set by calcination of a series of ZnPA 
powders under the same conditions. The intermediate products calcined at predetermined 
temperatures from 230 to 500 oC were taken out of the hot oven and then measured by FTIR 
by standard KBr pellet method (Fig. 2.20). For the sample calcined at 230 oC, absorption band 
at 1717 cm-1 is evident in addition to the characteristic absorption of the carboxylate group at 
1569, 1456 and 1402 cm-1. The band shown at 1717 cm-1 is due to the carboxylic group 
(COOH), indicating the conversion of COO- group to COOH. Because of the invariance of 
absorption of COO- in the range of 1400-1600 cm-1, it is inferred that the conversion between 
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COO- and COOH takes place at ammonium bound carboxylate groups, as described in 
Scheme 2.4. This could be proved by controlled experiments. Fig. 2.21 gives the FTIR spectra 
of ammonium polyacrylate and calcined sample at 250 oC. It shows that after calcination at 
250 oC, the band at 1717 cm-1 due to carboxylic group is much stronger than the band of the 
carboxylate group, indicating that the most of the carboxylate groups have been converted to 
carboxylic groups at this temperature. 














Fig. 2.20. FTIR spectra showing the pyrolysis process of ZnPA precursor. The heating rate is 
5 K/min.  
























  With higher temperature, the absorption of COOH continuously shrinks and at 490 oC the 

































Fig. 2.21. FTIR spectra of ammonium polyacrylate and sample calcined at 250 oC. 
  
  FTIR spectrum of a typical as-synthesized ZnO sample is shown in Fig. 2.22, reflecting the 
surface feature of the nanoparticle. ‘Typical’ ZnO in this chapter means that the precursor of 
the ZnO was prepared using PAA with Mn of 5,000 and the ratio of zinc to carboxylate group 
set as 1:10. The ZnO was formed by calcination of the precursor at 500 oC with additional 
annealing for 1 h at this temperature. The absorption at 3432 cm-1 is due to OH- stretching at 
the particle surface. The weak bands at 2920 and 2850 cm-1 could be assigned to the 
antisymmetric and symmetric C-H stretching respectively,[33] ascribable to the trace amount 
of the organic residue from the polymer. The intense bands at 1552 and 1439 cm-1 are 
ascribable to antisymmetric and symmetric carboxylate stretching, indicating the 
complexation of carboxylate groups with surface Zn ions of the ZnO crystal. Their frequency 
difference (∆ν = 108 cm-1) reveals that the mode of binding of the carboxylate group to the 
ZnO surface might be interpreted as bidentate. The strong band centred at 479 cm-1 due to the 
characteristic Zn-O bonds stretching in zinc oxide is observable.[33a]  
  It is worthwhile to mention the theory of average dielectric constant (TADC) which explains 
the correlation between the ZnO morphology and the IR spectra. In general, three factors 
might affect the IR spectrum of a powder sample in addition to the crystal structure and 
composition: (i) the dielectric constant of the matrix in which the material is diluted, (ii) the 
shape of the microcrystals expressed by form factor or shape factor (g) with the assumption 
that an individual particle has the shape of a rotation ellipsoid around axis c. and (iii) the 
particle aggregation determined by the filling factor (f). As KBr was used for sample 
preparation, effects of the matrix could be ignored. In the zinc oxide microcrystalline samples, 
which has a wurtzite structure with two transverse optical modes at υT║ = 377 cm-1 and υT┴ = 
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406 cm-1, the particle shape affects the position and intensity of the two optical modes, as 
illustrated in Fig. 2.23 for selected morphologies. It can be seen that the two absorptions of 
ZnO move in opposite directions in going from the slab (g1 = 1) to the cylinder (g1 = 0) 
morphology, being 0.33 for ideal spheres.  

















∆ν = 108 cm-1 
bidentate         
 
Fig. 2.22. A typical FTIR spectrum of as-synthesized ZnO powder.( The precursor of the ZnO 
was prepared using PAA with Mn of 5,000 and the ratio of zinc to carboxylate group set as 
1:10. The ZnO was formed by calcination of the precursor at 500 oC with additional 
annealing for 1 h at this temperature.) 
 
    The filling factor f enables to take the interactions between particles in the sample into 
consideration and as a result to distinguish the case of a system with non-interacting 
individual particles when f is close to 0 and aggregates when f to 1. In the reported literature, 
the calculations results of the IR-absorption spectra forms of spherical particles for several 
values of f are given. This enables the graphical presentation of υmax = F( f ) (Fig. 2.24) to 
work as a standard curve. 
  It should be mentioned that the obtained dependence of υmax with respect to various values 
of g and f, only emphasizes the complexity and difficulties existent in working with real 
systems. These systems are most often characterized by a set of different states. The 
absorption zones from different origins often superpose in a narrow frequency range, leading 
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 IR spectra of ZnO microcrystals corresponding to different axial ratios 
e crystallographic c axis is considered to be coincident with the 
 ellipsoid.[34]  
icroscopic observation, the as-synthesized ZnO shows mostly spherical 
e discussed in detail later. Therefore, the shape factor that influences the 
idered here.  The value of f is determined to be about 0.3 as marked in 
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ence of the position of the IR-absorption peak for spherical particles as 
factor f.[35] The red point denotes the position of as-synthesized ZnO 
 2.22). 
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2.3.3.2 Raman spectra 










ω[E1(TO)] 410 407 407 409.5 
ω[E1(LO)] 591 583 583 588 
ω[A1(TO)] 379 380 381 378 
ω[A1(LO)] … 574 … 576 
ω[ ] )1(2E 102 101 … 98 
ω[ ] )2(2E 437 437 441 437.5 
 
  Wurtzite-type ZnO belongs to the space group with two formula units in the primitive 




Γopt = 1 A1 + 2 B1 + 1 E1 + 2 E2. 
Both A1 and E1 modes are polar and split into transverse (TO) and longitudinal optical (LO) 
phonons, all being Raman and infrared active. The two nonpolar E2 ( , ) modes are 





1 modes are infrared and Raman inactive (silent modes). Table 2.2 
shows the IR and Raman results of phonon mode frequencies of ZnO bulk samples selected 
from some previous reports.  

















574 cm-1 (A1 LO)
 
Fig. 2.25. FT Raman spectrum of the as-synthesized ZnO powder (The same sample as that of 
Fig. 2.22). 
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  Fig. 2.25 shows the polarized Raman spectrum of as-prepared ZnO nanoparticles. The ZnO 
 phonon mode occurs at 437 cm)2(2E
-1, and the line at 330 cm-1 was assigned to multiple-
phonon processes.[36] The ZnO A1(LO) (574 cm-1) mode shows strong absorption as well. The 
strong background is due to the fluorescence of the sample.   
 
2.3.4 Morphology of zinc oxide 
  The morphology of zinc oxide prepared at different conditions has been checked by means 
of microscopes such as SEM, TEM and AFM. Most SEM images show that the as-prepared 
ZnO consists of mainly individual particles sized around 40 nm in diameter with a narrow size 
distribution. Various parameters and experimental conditions that could affect the 
morphology of ZnO are investigated. 
 
(1) Temperature   
Fig. 2.26 shows the zinc oxide nanoparticles obtained at temperatures of 500, 600, 650 oC 
respectively. The samples were annealed for 1 hour at their respective temperature. ZnO 
shows the morphology of well-grown particles. The primary particles do not aggregate but a 
few twinned crystals also appear. The mean particle size and its distribution were obtained 
from the images by the statistic method and a Gaussian fit. The results show that both the 
particle size and size distribution increase with temperature.  The particle size obtained from 
SEM and calculated from X-ray diffraction patterns using Scherer formula is tabulated with 
respect to sample annealing temperature (Table 2.3). It is noted that the size determined by 
Scherer formula is by far smaller than the size observed from SEM. The obvious difference 
between the two size values is due to the nature of Scherer method, which actually examines 
the coherent grain boundary, namely crystallite, in the field of view of microscope. 
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Fig. 2.26. SEM images of ZnO nanoparticles and correspondent size distribution histograms 
of samples at different heating temperatures at (a) 500 (b) 550 (c) 650 oC. 
   
 (2) Structure evolution process   
  The process of in-situ pyrolysis of the ZnPA precursor is also monitored by SEM. We have 
tried to investigate the intermediate samples and find out information on the nucleation and 
growth process of the ZnO particles. The pyrolysis was conducted with a heating rate of 5 
oC•min-1 from room temperature to 500 oC using air as carrying gas. The samples were taken 
from the hot oven at 125, 230, 370, 430, 455 and 490 oC and their color became darker with 
temperature increase. At 125 oC, the morphology of the powder is similar with that of ZnPA 
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at room temperature. The images show big agglomeration of particles with diameter about 
200 nm (Fig.2.27a, b). When heated to 230 oC, craters on the surface began to appear 
indicating the release of water or gas (Fig.2.27c). The craters became denser with temperature 
(Fig.2.27d, e) and at 490 oC small particles appeared with size of about 20 nm, indicating the 


















                                                                          





















Fig.2.27. SEM images exhibiting the pyrolysis process of ZnPA from room temperature to 500 
oC with a heating rate of 5 oC/min. The intermediate samples at (a,b) 125 oC (c)230 oC  ; 
(d)430 oC; (e) 450 oC and (f) 490 oC are shown. 
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(3) Heating rate 
   The heating rate can also influence the ZnO morphology. It is seen that with faster heating 
rate more inhomogeneous particles with twinned or agglomerated structures are obtained. The 
abnormal ZnO morphology shown in Fig.2.28 is remarkable, which exhibits a layered 
structure. The sample is heated with a rate of 10 oC/min. It has a sandwich-like structure with 
upper and underneath layers consisting of rods and is in-between composed of nanoparticles. 
A possible explanation is that the structure was developed due to the uneven heat 
transportation from the surface to the center of the powder. At the surface area, the zinc oxide 
tends to aggregate because of excessive heat gaining. Thus, in the experiment operation, the 









Fig. 2.28. SEM images showing abnormal sandwich-like structure of ZnO crystal caused by a 
quick heating rate of 10 oC/min. 
 
(4) Loading of polymer precursor 
  Fig.2.29 shows the effects of loading of zinc in the ZnPA precursor on the morphology of 
the final products (ZnO).  It shows that with higher zinc concentration in the polymer 
precursor, the obtained ZnO tends to aggregate or compactly connect with neighboring 
particles (Fig. 2.29a, c, e). While with lower zinc content in the precursor, actually lower 
nucleation density, and individual nanoparticles are the main product (Fig. 2.29b, d, f). This 
indicates that an existing equilibrium between the minimum aggregation and reasonable yield 








































Fig. 2.29. SEM images of ZnO nanoparticles obtained from polymer precursor (Mn: 1×105) 
with different zinc loading. (a, c, e) ZnO from precursor with [COOH]0/[Zn]0=10; (b, d, f ) 
ZnO from the precursor with [COOH]0/[Zn]0=40. The scale bar is 100µm in a, 20 µm in b, 
500 nm in c and d, 200 nm in e and f. The ZnPA was pyrolyzed with a heating rate of 3 oC/min. 
 
(5) Molecular weight (Mn) of polyacrylic acid 
  PAA with three different molecular weights (5000, 1×105 and 4.5 ×105) were employed as 
starting material for ZnPA preparation. The SEM images of corresponding ZnO nanoparticles 
show different morphologies, indicating significant effects of molecular weight on the final 
product. With smallest molecular weight, the ZnO forms leaf-like thin layers (Fig.2.30a) 
(agglomerates of ZnO nanoparticles) with the length about 20 µm. With higher magnification, 
individual particles with clear boundary are seen ((Fig.2.30b). These particles could possibly 
be separated into single particles by means of surface modification. But with higher molecular 
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polymer precursor, the ZnO forms bigger layer at the scale of 100 µm (Fig.2.40c) and 
eventually develop into a hollow sphere (Fig.2.30e).  The nanoparticle size is within 20-40 nm 
but highly aggregated (Fig.2.30d, f). This suggests that a low molecular weight of precursor is 
favorable for the synthesis of non-aggregate ZnO material. 






















Fig. 2.30. SEM images of ZnO nanoparticles obtained at 550 oC from polymer precursor with 
different molecular weight (a,b) 5,000 (c,d) 100,000 (e,f) 450,000. For all the three samples 
keeping [COOH]0/[Zn]0=10 for the precursor. The scale bar is 20µm in a, 100 µm in c and e, 
200 nm in b, d and f. 
 
  For more information about the morphology of the as-prepared ZnO, ZnO samples were cast 
on a Si wafer for electron microscopy observation. The sample was elaborately prepared by 
forming a suspension of ZnO powder in toluene via refluxing over night. Then, a drop of the 
suspension was cast onto a clean silicon wafer and dried at 50 oC in vacuo. The sample was 
examined by SEM (Fig.2.31a, b) and atom force microscopy (AFM) (Fig.2.31c, d), 
respectively. Both the images show some individual particles with the particle size consistent 
with that measured in solid state. Large cluster of ZnO particles (indicated by arrows) due to 
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the heavy aggregation are also seen. A further treatment is necessary to highly disperse the 
ZnO by breaking up the aggregates by means of chemical treatment.  
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Fig. 2.31. ZnO nanoparticles prepared on a silicon wafer and observed by (a, b) SEM; (c, d) 
AFM. The ZnO was obtained at 550 oC and annealed for 1 h at the temperature. 
 
2.4 Photoluminescence and EPR spectra of zinc oxide 
2.4.1 General introduction 
  As an important low-voltage phosphor material which is promising for application in the 
next generation of flat panel displays, the optical properties of ZnO have attracted great 
research interest. ZnO typically exhibits a UV near-band-edge (NBE) emission and a broad 
visible band (in the continuum from red to violet) emission due to crystal defects. The UV 
emission has already been ascribed to direct recombination of free excitons. But the 
assignment of visible emission has been always controversial. It has proved that the emission 
is due to intrinsic defects of the material and not an extrinsic impurities such as Cu or Li 
doping.[40]  
  Various techniques have been used to investigate the origin of the visible emission, 
including electron paramagnetic resonance (EPR), photoluminescence (PL), positron 
annihilation spectroscopy (PAS) as well as theoretical calculations. In spite of many 
controversial results, some explanations have been proposed to explain the nature of the 
visible emission. A widely adopted mechanism is the transition between a singly charged 
 55
Chapter 2                                                     ZnO Nanoparticles: Synthesis and Characterization 
oxygen vacancy and a photoexcited hole.[41] It has been accepted as explanation of peaks from 
495 nm (tetrapod ZnO nanorods)[42] to 583 nm (tubular ZnO whiskers)[43] in different forms of 
ZnO samples such as single crystals, thin films and powders.  
  However, PAS results contradict the PL results on the nature of defects. A direct relationship 
between positron lifetime and visible (yellow) emission is not found.[44] And Liu et al found 
that Mn doping quenches the visible emission but doesn’t influence the defect concentration 
as detected by PAS. They concluded that PAS did not probe directly the PL defect centers and 
suggested Zni and Oi are responsible for green and yellow emission respectively. 
  Egelhaaf and coworkers[45] suggested a donor-acceptor-type transition to interpret the 
observed green luminescence of polycrystalline ZnO seen in diffuse reflection, steady state 















Valence band  
Fig. 2.32. Scheme of the calculated defect levels in ZnO films.[46] 
 
  Fu et al.[46] studied PL properties of the ZnO film deposited on a Si substrate by dc reactive 
sputtering. The defect levels were calculated and drafted in Fig. 2.32. The energy interval 
from the bottom of the conduction band to the OZn level (2.38 eV) is exactly consistent with 
the energy of the green emission in their experiment, whereas the Oi level (2.28 eV) is also 
close to the value, but the probability of forming Oi is small due to the large diameter of 
oxygen atom. The VZn could not be related to the green emission, because the energy interval, 
3.06 eV, is far beyond the visible emission energy. Therefore, the suggestion of green 
emission due to the antisite defect OZn level seems most probable in their case. 
  For nanostructured ZnO materials, surface features are especially important for PL emission. 
Due to the large surface area to volume ratio, the defects centers are most likely located on the 
particle surface. Surface coating of the ZnO tetrapod structures results in the suppression of 
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the green emission, which may support the hypothesis.[47] Similar results are also obtained in 
poly-(vinylpyrrolidone) (PVP) capped ZnO nanoparticles.[48] Several theories have been 
proposed to interpret the effect of nanoparticle surface on the luminescence properties. For 
instance, Henglein[49] suggested the mechanism of surface anion vacancies, while 
Behneman[50] attributed it to the tunneling of surface-bound electrons to preexisting trapped 
holes.  
  In addition to the common green emission, violet and blue emission has been also observed 
from ZnO thin films, nanoparticles and whiskers including the emissions centred at 405 
nm,[51] ~420 nm,[52] 466 nm[53] and ~485 nm.[54] The violet emission at 405 nm as reported by 
Wu and coworkers[55] is assigned to a zinc vacancy. The peak at 420 nm was assigned to Oi 
and 485 nm to the transition between Vo and Oi by comparison of the structure similarity of 
ZnS and ZnO. The blue emission at 466 nm was detected by Chen et al.[53] in the chemically 
synthesized ZnO nanowires. The emission is tentatively attributed to the oxygen or zinc 
defects generated in the process of ZnO growth. Moreover, red emission (640 nm)[56] in ZnO 
film prepared by spray pyrolysis and yellow emission (583 nm)[57] from single crystal tabular 
ZnO whiskers are also reported. 
  As powerful tool, EPR spectroscopy has been used frequently in combination with PL, to 
investigate the defect nature of ZnO materials. The defect evolution of ZnO crystals was 
investigated in the process of mechanic thermal treatments based on EPR method. And all the 
detected EPR signals were assigned to the corresponding defects centres. 
  Vanheusden et al.[41] attempted to correlate the commonly observed EPR signal at g = 1.96 
with the green PL emission for interpretation of the origin of the visible emission. They 
believe the EPR signal is from the singly charged oxygen vacancy ( ). However, theoretical 
calculation indicates that oxygen vacancy is a deep donor,
+
oV
[58] while the EPR signal at g = 1.96 
has been unambiguously assigned to shallow donor centres independent on shallow donor 
identity. And it is found that  produces EPR signals at g+oV ┴ = 1.9945 and g║ = 1.9960 as 
well.[59] Some experimental results have demonstrated no relationship between green emission 
and g =1.96 EPR signal.[60] 
 
2.4.2 Photoluminescence of ZnO nanoparticles 
  Fig. 2.33 is the typical excitation and emission spectra of our ZnO powder sample. The 
sample was prepared with same procedure as that of Fig. 2.22. The excitation spectrum 
exhibits the exciton peak at 371 nm, which is consistent with the bulk ZnO material band gap 
3.3 eV. A weak NBE emission is observable at 376 nm and two intense and partially 
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overlapping blue emission centered at 416 nm and 439 nm in addition to the strong yellow 
emission at 590 nm are also detected. The intensity ratio between the blue and orange 
emission varies under different excitation wavelength. The weak NBE emission is due to the 
high defect density of the crystal. In the light of the introduction, the origin of the blue and 
yellow emission recorded here is tentatively attributed to VZn and Oi respectively, considering 
the formation of the crystal powder in an oxygen-rich atmosphere. 








 emission λex = 325nm
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Fig. 2.33. PL spectra of as-synthesized zinc oxide powder. (The same sample is same as that 
of Fig. 2.22). The excitation wavelength is 325 and 370 nm respectively. 
 
  Temperature-dependent PL measurement was also carried out for the powder of ZnO 
nanoparticles from room temperature to 100 K via cooling the system by liquid nitrogen (Fig. 
2.34). The sample is same as that of Fig. 2.22. The ZnO powder shows relatively weak visible 
emission at room temperature. Decreasing the temperature causes the increase in the intensity 
of the emission centres at 375 nm, 421 nm and 552 nm, which is the result of freeze-out of 
phonons and suppression of nonradiative recombination processes.[36a, 61] The emission 
centred at 552 nm becomes dominant at low temperature and the peak shifts gradually to 572 
nm at 100 K. The temperature dependence of the PL intensity, I(T), might be expressed by a 
simple thermal activation model according to the equation[36a] 
 








=                                     (2.2) 
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where I0 is the emission intensity at 0 K, A is a constant, and Ea is the activation energy of the 
thermal quenching process.  
















































Fig. 2.34. (a) Temperature dependent PL spectra of a ZnO powder sample excited at 325 nm. 
(The sample was prepared with same procedure as that of Fig. 2.22) (b) Normalized PL 
intensity versus temperature. The solid line is the data fitting according to formula (2.2).  
 
   
  Fitting of the data with equation (2.2) gives the value of estimated activation energies Ea = 
85 meV (Fig. 2.34b). Greene et al. reported that well-aligned ZnO nanowires have the 
activation energy of 71 meV by fitting their photoluminescent data, whileas ZnO crystals 
synthesized in the presence of surface-functionalized latex have Ea for visible emission 
ranging from 35 to 84 meV.[61]  All these reported values are comparable to our result. 
  The excitation spectra were recorded at the maximum of the corresponding emission spectra. 
(Fig. 2.35a) The absorption tail reflects the bandgap of ZnO and the intensity of exciton peak 
increases with decreasing the temperature. The intensity of maximum of excitation spectra is 
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simply plotted with temperature (Fig. 2.35b), showing almost linear relation of the PL 
intensity and temperature. 
 
















































  Time-resolved PL spectra may give information about the life time of the visible emission of 
the as-prepared ZnO sample. The spectra is recorded at an excitation wavelength of 355 nm 
using a pulsed laser radiation of Nd:YAG laser. The obtained spectra (Fig. 2.36a) show a very 
broad yellow-to-orange emission band that spans about 1 eV. The emission is centred at 2.02 
eV, about 0.1 eV red shift compared with the steady-state spectra. The intensity decay is 
observed with time, the first-order exponential fitting of which gives the lifetime of 24 µs (Fig. 
2.36b). PL emission generated from excitonic recombination decays very rapidly, normally 
below nanosecond (in the scale of hundreds of picoseconds),[62] while defect- related visible 
emission have much longer lifetimes (in the microsecond scale). Van Dejken et al.[63a] 
prepared quantum dot of ZnO nanocrystals, which shows visible emission at 2.3 eV (540 nm). 
The lifetime of their ZnO is around 1 µs. This value is close to the green emission in ZnO film 
reported by Studenikin.[63b] The visible emission lifetime of our sample is longer than the 
reported values, possibly reflecting the effects of different preparation conditions. 
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Fig 2.36. (a) Time-resolved PL emission spectra of a ZnO sample which was prepared using 
same procedure as that of Fig. 2.22. (b) The decay of the emission of the same sample. 
 
  2.4.3 EPR investigation of ZnO nanoparticles 
  Fig. 2.37 exhibits EPR spectrum of a ZnO sample recorded at room temperature. All the 
EPR results in this work is obtained using the same ZnO sample which is prepared by 
pyrolysis of ZnPA with Mn of 5,000 at 500 oC followed by annealing for 1 h at the 
temperature, the same procedure as that of Fig. 2.22. Two signals with g = 1.96 and g = 2.00 
are observed and labelled as I and II. Sigal І has been clearly attributed to shallow donor 
centres irrespective to their identity. The g-value of Signal II is very close to that of a free 
electron (g = 2.0023). Therefore, it is expected that this signal comes from dangling bonds 
from the organic residue. A series of ZnPA samples pyrolyzed from 230 oC to 490 oC are 
examined by EPR spectroscopy (Fig. 2.38a). An intense signal at g = 2.0044 dominates the 
spectrum whose intensity increases with the increase of sample annealing temperature. Fig. 
2.38b shows the exponential increase of the maximal EPR intensity with regards to the 
annealing temperature. 
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Fig. 2.37. EPR spectrum of a ZnO sample. The sample was obtained by pyrolysis of ZnPA 
(Mn: 5,000) at 500 oC followed with annealing for 1 h at the temperature, the same procedure 
as that of Fig. 2.22. 
 



















































Fig. 2.38. (a) EPR spectra of ZnPA samples (Mn: 5,000) annealed at different temperatures. 
(b) the intensity of EPR signal versus the annealing temperature. 
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Fig. 2.39. (a) EPR spectra of PAA samples (Mn: 5,000) annealed at different temperatures. (b) 
The intensity of EPR signals versus the annealing temperature. 
 
  The result is consistent with the assumption that the Signal II in ZnO EPR spectrum is due to 
the organic remnant formed during heating treatment. In order to prove the hypothesis, 
pyrolysis of a series of polyacrylic acid (PAA) powder samples under same condition (heating 
program, air as carrying gas) was conducted. The EPR results of the samples annealed at 
different temperatures are shown in Fig. 2.39a. The spectra are similar with that obtained from 
pyrolyzed ZnPA samples with strong signal at g = 2.0043, which again confirms the origin of 
the signal II related to the organic component of the polymer precursor. The intensity of this 
EPR signal has a relation with the annealing temperature similar as that of pyrolyzed ZnPA 
samples (Fig. 2.39b). 



















Fig. 2.40. (a) EPR spectra of the ZnO powder generated using different beam power at room 
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  The intensity of the EPR signal of the ZnO nanoparticles is obviously affected by some 
parameters like beam power as presented in Fig. 2.40. Both signals increase their intensity 
exponentially with increasing the beam power. Temperature is another important parameter 
that may affect the EPR intensity. Temperature dependent measurement of ZnO powder was 
carried out using liquid helium for cooling the system. The sample was measured from 6 K to 
room temperature. The intensity decreases significantly with the temperature increasing (Fig. 
2.41a). Notably, at very low temperature e.g. 6 K, Signal II is much stronger than the intensity 
of the two signals. With temperature increasing, Signal II intensity decreases faster than 
Signal I and becomes weaker than Signal I after 100K as shown in Fig. 2.41b. The ratio of the 
intensity between the two signals is plotted with regard to the temperature, showing a trend of 
monotonic increase with temperature. 
 



































































Fig. 2.41. (a) The EPR spectra of the ZnO powder at different temperatures. (b) The trend of 
the EPR signals versus temperature. The square and circle stand for the intensity of the two 
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2.5 Sintering and growth of ZnO nanoparticles upon isothermal annealing  


















Fig. 2.42. TGA curves of isothermal annealing of ZnPA precursor set at different temperature. 
 
  It is well known that in the course of the annealing of ceramics, the particle size and size 
distribution of the samples increase with temperature increasing, owing to the Oswald 
mechanism. With the aid of thermoanalysis, an optimal heating condition could be achieved, 
at which the organic part of the polymer precursor could be completely removed and small 
particle size and limit degree of aggregation is preserved.  Isothermal treatment using TGA 
gives information about the crystal growth and sintering under continuous annealing.  
  A series ZnPA powder samples was annealed at 200, 300, 400, 500 oC for a certain time 
respectively, after quick heating (20 oC/min) to the preset temperature from room temperature. 
As seen from Fig. 2.42, the results show that only maximal 10% weight is eliminated even 
after 8 hours continuous isothermal treatment at 200 oC, while at higher temperature such as 
300 oC, it shows an exponential decrease in weight and 60% mass is removed after 5 h. And 
annealing at 400 h for 1 hour the sample reached a constant residue weight of about 18%. 
  However, the results obtained from TGA have some deviation with the in situ experimental 
results. The experimental data were obtained by simply calculating the weight loss of each 
powder sample, which was taken out from the hot oven at predetermined time. The samples 
were heated from 25 oC with 5 oC/min to the isothermal temperature (400 or 500 oC) and then 
kept for annealing for a certain time. Fig. 2.43 shows the results. It is found that after the 
temperature reaches 400 oC, only 40% weight is removed and the isothermal treatment results 
in an exponential loss of mass, which is obviously different from the TGA result. And heated 
to 500 oC, 30% residue still remained and one hour isothermal annealing made the sample 
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reach the constant weight at 8.3%. This shows the necessity of isothermal annealing in the 
ZnO synthesis for complete removal of the organic component of the polymer precursor. 
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Fig. 2.43. Experimental results of weight loss versus isothermal annealing time at different 
temperature. 
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Fig. 2.44. XRD patterns of the ZnO samples isothermal annealed at a) 400 oC; b) 500 oC, 
respectively for certain period. 
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  The isothermal annealed ZnPA / ZnO samples were examined by X-ray diffraction. It shows 
that after 1 h annealing at 400 oC, the powder remains amorphous (Fig. 2.44a). Characteristic 
peaks of crystalline ZnO crystal appear after 2 hours annealing, but broad and evidently 
amorphous structure shown at around 20 degree in the XRD pattern is still seen, which only 
disappears after 5 h annealing at 400 oC. The intensity of the peaks increases and they become 
narrower with annealing time, indicating a better crystallinity. The ZnO samples annealed at 
500 oC for different times are also checked by XRD (Fig. 2.44b) and their crystallite size 
derived from Scherer formula is plotted in Fig. 2.45. As already interpreted before, these sizes 
do not reflect the size of particles seen under the microscope. 
 



























Fig. 2.45. ZnO nanoparticles size increasing with annealing time at 500 oC. The size is 
calculated by Scherer equation based on (100) peak of XRD patterns. 
 
  SEM is used to investigate the evolution process of the ZnO nanoparticles upon isothermal 
sintering. Fig. 2.46 gives the ZnO SEM images, which exhibits the growth of particles upon 
continuous isothermal annealing at 400 oC. After 1 h, no particles are distinguishable which is 
consistent with the XRD result that no zinc oxide forms at this stage (Fig. 2.46a). And 40% 
weight is still left as calculated from the weight loss. After one more hour annealing, clear 
particulate structure appears sized around 10 nm (Fig. 2.46b). The nanoparticles grow larger 
with time and tend to aggregate (Fig. 2.46c, d). This points to that long-time thermal 
annealing may bring detrimental effects to the ZnO morphology. The situation is even worse 
in the case of higher annealing temperature. The sintering of ZnO crystals is observed in the 
samples that have been annealed at 500 oC (Fig. 2.47). Many abnormal by structured particles 
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Fig. 2.46. Growth of ZnO nanoparticles shown by SEM images upon continuous isothermal 
annealing at 400 oC for a) 1 h; b) 2 h; c) 3 h; d) 4 h.  
   





















Fig. 2.47. Morphology change of ZnO nanoparticles upon continuous isothermal annealing at 
500 oC for a) 0 h; b) 1 h; c) 2 h; d) 3 h. The scale bar in a, c, d is 100 nm and in b is 200 nm. 
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  The thermal annealing of ZnO nanoparticles causes changes of the infrared spectra as seen in 
Fig. 2.48. The absorption from C-H stretching around 2900 cm-1 shrinks with annealing time, 
indicating the continuous removal of the organic residues in the zinc oxide powder. The 
pronounced Zn-O stretching band near 500 cm-1 is observed to shift to lower wavenumber 
with annealing time (Fig. 2.48b). Considering the TADC theory,[35] the decrease of this 
wavenumber corresponds to the decrease of the filling factor, meaning the increase of 
aggregation degree of the particles, as what is also observed in the microscopic images. 






































Fig. 2.48. a) FTIR spectra of ZnO nanoparticles obtained by isothermal annealing for 
different time; b) the shift of wavenumber of Zn-O stretching versus annealing time. 
 
  The sintering of zinc oxide causes effects on the photoluminescence and EPR spectra of the 
material, too. Fig. 2.49 gives the PL spectra of ZnO nanocrystals isothermally annealed at 500 
oC for 0, 1, 2, 3 hours. The samples are excited with wavelengths of 325 and 370 nm 
respectively and the excitation spectra are registered at 590 nm. 
  From the obtained spectra, the following features are observed with the annealing time: (1) 
The UV or NBE emission is very weak or quenched in all samples; two strong emission 
centres are found: one is responsible for the blue emission at 438 nm with a shoulder at 421 
nm. The other is located in the yellow-to-orange range with a peak at 590 nm. (2) In all cases, 
the emission obtained with 370 nm excitation is much stronger than that at with 325 nm. 
Normally, the intensity of the emission is three times as that from shorter wavelength 
excitation. (3) The position and shape of emission bands remains unchanged with annealing 
time. (4) However, the intensity of the emission at 590 nm and the exciton peak at 371 nm on 
the excitation spectra varies with annealing time, which is plotted in Fig. 2.50. It is seen that 
the intensity increases after short-time annealing at 500 oC, indicating that more defects 
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centers are generated in the ZnO crystal. And from previous results, it is known that the one-
hour annealing causes removal of more organic residue and a better crystallinity of the ZnO. 
However, with longer annealing time, sintering of the crystal takes place, which eliminates 
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Fig. 2.49. Evolution of PL excitation and emission spectra of ZnO nanoparticles with 
continuous isothermal annealing at 500 oC for a) 0 h; b) 1 h; c) 2 h; d) 3 h. The excitation 
wavelength is 325 and 370 nm. The PL excitation is recorded at an emission wavelength of 
590 nm. 
 
  The EPR spectra of ZnO nanoparticles annealed at different conditions (temperature or time) 
are shown in Fig. 2.51.  The intensity of the signal at g = 2.0044, which is ascribable to 
organic residue formed in the cause of pyrolysis, decreases continuously with annealing time, 
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 λexc= 370 nm
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Fig. 2.50. Intensity variation of emission and excitation peaks versus annealing time of zinc 
oxide crystals. The triangle and brick stand for the emission at 590 nm excited at 325 and 370 
nm respectively; the star represents the peak at 371 nm of the excitation spectra. 
   
  For the sample annealed at 550 oC, the signal at g = 1.96 is obviously stronger than that of 
the other samples, possibly revealing information about the higher density of shallow donor 
centers in the crystal. 
  






















Fig. 2.51. EPR spectra of ZnO nanoparticles annealed at different conditions. 
 
  In summary, zinc oxide nanoparticles with diameter of 40-100 nm are prepared by 
application of a versatile polymer-based method. The process starts firstly with formation of a 
zinc polyacrylate polymer precursor. The ZnPA precursor exhibits typical polyelectrolyte 
behaviour, i.e. the viscosity of the polymer solution decreases with the increasing of 
concentration. Calcination of this zinc-loaded precursor in the dry form in a high-temperature 
oven gives colorless zinc oxide powders. The XRD and TGA results prove that the 
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crystallation of zinc oxide from ZnPA precursor takes place at about 450 oC. The morphology 
of ZnO is influenced by some parameters including molecular weight of polyacrylic acid, zinc 
content in the precursor, calcination temperature etc. Relatively low temperature at 500-550 
oC and short annealing time is key to produce uniform and homogeneous zinc oxide. The 
optical properties of the as-prepared ZnO are investigated too. The PL spectra show that the 
NBE emission is significantly quenched and the visible exhibits blue emission at 420 nm and 
590 nm in the yellow-to-orange range. Temperature-dependent PL spectra show that the 
intensity increases with lowering the temperature. Annealing of the ZnO sample causes 
intensity variation of the emissions but the shape and center of the emission peaks are 
preserved. The intensity variation reflects the change of amount of defects centers in the ZnO 
crystal with annealing time. EPR spectra show the signal originated by shallow donor center 
and signal due to organic residue. However, no correlation between the EPR signal and PL 
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2.6 Experimental section 
 
Preparation of Zinc Polyacrylate Precursor Polymer: 
 Typically, 1.036 g polyacrylic acid (prepared from 50 % aqueous solution by freeze drying) 
(Aldrich, Mn = 5000) and 0.428 g Zn(NO3)2•6H2O were dissolved in 110 ml water. The 
solution is stirred for 10 min. Ammonium hydroxide (25% wt) was added dropwisely to 
adjust the pH to the desired value between 5~10. The reaction mixture was then concentrated 
to about 20 ml by freeze-drying. The residual viscous liquid was added dropwisely into 120 
ml acetone. A colorless precipitate was formed and collected by centrifugation. It was washed 
with acetone and dried at 40 °C in vacuum. 
 
Preparation of ZnO Nanoparticles: 
The obtained precursor material was milled into fine powder and then calcined in a 
temperature-controlled oven under air flow with a heating rate of 5 °C min-1 to 500°C. The 




UV spectra were recorded at room temperature with a Perkin-Elmer Lambda 2 UV/Vis/NIR 
spectrophotometer. The content of Zn in the precursor polymer was determined by Atomic 
Absorption Spectroscopy (AAS) using a Perkin Elmer 5100 ZL spectrometer. Light-scattering 
setup consisted of a 200 mW laser operating at 647 nm and an ALV5000 correlator.  The 
sample solutions were filtrated 8 times with Millipore 450 nm filter before measurement. pH 
values were measured with a Pt/KCl glass electrode attached to a pH meter (Schott CG843 set) 
with an integrated temperature sensor (Blueline 14pH, Schott). Before the measurements, the 
pH electrode was calibrated with three buffer solutions at pH 4.006, 6.865 and 9.180 at 20.0 
8C (DIN Norm 19266). Viscometric measurements were performed at 20±0.01 oC using a 
capillary Ubbelohde-Viscometer from Schott (Germany). TG-MS were measured under 
oxygen flow on a Mettler Toledo ThermoSTAR TGA/SDTA 851 connected with a Pfeiffer 
Vacuum GSD 300 T2 pump and a Basler MS/Netsch STA449C mass detector. Differential 
Scanning Calorimetry (DSC) was measured on a Mettler DSC 30 with heating rate of 5 K/min. 
Powder XRD was obtained by a Seifert 3000 TT Bragg-Brentano diffractometer using Cu Kα 
radiation with λ = 0.15406 nm, 5o ≤ 2θ ≤ 120o. SEM images showing the morphology of ZnO 
nanoparticles were taken by LEO Gemini 1530 with an inlens detector (electron high tension 
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(EHT) = 1 kV). TEM images were obtained by Tecnai F20 microscope operating at 200 kV. 
Energy dispersive X-ray spectroscope (EDX) coupled to the TEM was used for composition 
determination. The elementary mapping and correspondent TEM images was measured on 
ZEISS 912 Omega microscope operating at 120 KV with an energy filter. Particle size 
histograms and distributions were obtained statistically by measuring the dimensions of at 
least 100 crystals with help of the software ImageJ (National Institute of Health, USA). FTIR 
spectra were recorded with a Nicolet 730 spectrometer (liquid N2-cooled MCT detector) with 
pressed pellets, which were made using KBr powder as the diluent. Raman spectrum is 
recorded at room temperature by a Dilor XY 800 spectrometer with confocal microscope. 
CW-EPR spectra were measured with an Elexsys 580 spectrometer at frequencies of 
approximately 9.8 GHz, using an 4103TM cavity at room temperature and an MD4EN Bruker 
Flexline ENDOR resonator for temperature variation. Room temperature and temperature-
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3              Formation of ZnO Nanocrystalline Films 
 
3.1 Introduction 
3.1.1 Methods of observation 
3.1.1.1 Basics of electron microscopy 
  Electron microscopes (EM) including scanning electron microscope (SEM) and transmission 
electron microscope (TEM) are powerful tools for the characterization of objects on a very 
fine scale. The examination may provide important information, such as: 
a) Topography: the surface features of an object, its texture;  
b) Morphology: the shape and size of the particles making up the object;  
c) Composition: the elements and compounds that the object is composed of and the relative 
amounts of them; 
d) Crystallographic Information: arrangement of atoms in the object. 
  The obtained information is important for understanding the relation between the structure 
and properties of the materials.  
a) Electron gun  
  Generally speaking, EMs work similarly as their optical counterparts based on the same 
principle, except that EMs use a focused beam of electrons as probe rather than light to 
"image" the specimen and gain information . The basic steps for imaging a sample with all 
types of EMs include formation of an electron beam, interaction between sample and beam, 
gathering information of the sample and formation of an image.  







=                                      
Here, λ is wavelength of the radiation and n•sinα is the numerical aperture (N.A.) of the lens 
with the value less than 1.4, which gives a resolution limit of 300 nm for the visible light and 
0.03 Å for electrons. Up to now, a realistic resolution in TEM is about 0.1 nm due to the small 
N. A. of the electron-optics. Electrons are generated from a filament which for instance is 
heated by a large electric current to overcome the work function of the metal. The filament is 
usually made of various types of tungsten or lanthanum hexaboride (LaB6). Field emission 
guns are also commonly used, where electrons are expelled by applying an electric field very 
close to the filament tip. The size and proximity of the electric field to the electron reservoir 
in the filament causes the electrons to tunnel out of the reservoir. The emitted electrons have a 
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Boltzman energy distribution and they will be confined and focused using metal apertures and 
magnetic lenses into a thin, focused, nearly monochromatic beam. This beam is focused onto 
the sample using a magnetic lens.  
 
b) Electron-specimen interaction 
  The incident electron beam comes to the surface of the sample and strikes onto it. Various 
photon and electron signals are generated after the interaction with the sample as shown in the 
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Electron-sample interaction and signals emitted from the sample.  
ckscattered electron (BSE) and secondary electron (SE) are of main interest for 
 due to the inelastic scattering of electrons. In this case, the total energies and the 
 of the colliding particles are conserved, but an electron excitation of the atom or 
ulated which causes an energy loss E∆ of the primary beam. Normally, SE has 
 less than 50 eV. Because of the very low energy, these electrons originate within 
eters from the surface. Therefore, detection of SE may produce a highly-resolved 
 sample surface. 
 scattering is the most important interaction and is the basis of contrast formation 
icroscope. The BSE is due to elastic scattering of electrons which preserve the 
e primary beam and normally have only a small-angle change of the beam 
etection of BSE may provide important information about composition and 
e sample. 
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  The mechanism of imaging and information gathering of the two different types of EMs has 
some differences which are described in more details in later sections. 
 
3.1.1.2 Scanning electron microscope 
a) General principle 
  Scanning electron microscopes (SEM) deliver high resolution surface information and are 
widely used in many fields like materials research, life science as well as semiconductor 

























Scheme of the basic working principle of SEM
eneral, the electron gun generates a beam of electrons at the top of the microscope by 
ng of a metallic filament. The electron beam is confined and follows a vertical path 
gh the column of the microscope. It makes its way through electromagnetic lenses which 
s and direct the beam down towards the sample. Electrons like BSE and SE are emitted 
 the sample after interaction with the incident beam. Detectors collect the BSE and SE 
rons, and convert them to a signal via a synchronized scan on a cathode ray tube (CRT) 
ay similar to the one in an ordinary television, producing an image. The magnification is 
mined by the ratio of the scan length on the CRT and that on sample, i.e.   
l
LM =  
e M, L, l represent magnification, scan length on display and on sample, respectively. 
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b) Contrast mechanism 
  Contrast is defined as the difference in brightness of the pixels that make up the image, 
which represents a difference in signal from corresponding picture elements on the specimen. 
This signal brightness is dependent on the signal generated within the specimen and the type 
of detector used, i.e. affected by both the signals from beam-specimen interaction and the 
conversion of the signal intensity to image brightness.  
  Contrast of a SEM image normally consists of three components: number, trajectory, and 
energy components respectively. The number component is expressed by higher numbers of 
electrons from the specimen resulting in higher brightness on the image. Trajectory is equally 
important, since detectors can collect only a portion of the signal emitted. Improper 
positioning of the detector will result in a low intensity of the detected signal. The energy 
component is also critical, since the ability to collect and detect the signal is a function of the 
signal energy.  
  The most widely used images produced by SEM imaging are the SE image, the BSE 
compositional image, and the BSE topographic image. It is important to note that many 
images have a combination of contrast components that contribute to the final image and that 





















Schematic plot of the energy distribution of electrons emitted from a specimen[1] 
 
  As described above, BSE is due to elastic scattering of electrons. Practically, BSEs also 
undergo several inelastic collisions during their time inside the sample as well and lose some 
fraction of energy. As indicated in Scheme 3.3, the BSE has an energy distribution with the 
peak at half of the incident beam energy (0.5 E0). 
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  The total BSE yield (total fraction of beam electrons that backscatter) from a randomly 
oriented polycrystal tends to increase monotonically with the atomic number Z, which could 
be expressed as:[1] 
BSE yield = -0.0254 + 0.016Z - 1.86*10-4 Z2 + 8.3*10-7Z3 
 
Thus, a general trend is derived that the BSE yield increases with increasing Z, flattening out 
at higher Z. This provides the theoretical base for atomic number contrast. This works best for 
higher beam energies ( > about 5kV).  
  In addition to the BSE dependence on Z, surface orientation as well as the preferred direction 
of the BSEs complicates the BSE contrast mechanism. Tilt of the sample surface will result in 
change of the distribution of BSEs, a number component of contrast. For the crystalline 
samples, the BSE yield may change abruptly, which is called electron channelling effect. This 
effect is due to the wave nature of the incident beam, which may interact with the periodic 
structure of the crystal and cause change of the scattering probability of the incident electrons. 










Fig. 3.1. Topographic contrast of iron fracture due to (a) BSE, (b) SE and BSE component. 
  
  Topographic contrast mostly originates from SEs which provides the most high-resolution 
image of the sample surface. The tilt of sample introduces a distribution change of the 
electrons, which contributes a number component to the contrast. Fig. 3.1a shows only the 
BSE component of contrast and Fig. 3.1b shows both the BSE and SE components. The 
topographic contrast showing the iron fracture surface is achieved by the Everhart-Thornley 
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3.1.1.3 Transmission electron microscope 
a) General introduction 
  SEM gives no internal information of a sample, while TEM produces an image that is a 
projection of the entire object revealing both the surface and the internal structures. The 
incident electron beam interacts with the sample as it passes through the entire thickness of 
the sample. Different internal structures in the sample can be differentiated because they 
produce different projections. The samples need to be thin enough, otherwise the electron 
beam will be blocked. Scheme 1.6 is the schematic drawing of a TEM. 
 Electron gun
Sch
  Like the case of SEM
electrons (Scheme 3.4)
and selected area meta
contrast by blocking ou
the user to examine the
passed down the colum
way. It strikes the phos





















1st projector lens system




ematic drawing shows the basic principles of TEM  
, the incident electron beam strikes the specimen and the transmitted 
 are focused by the objective lens into an image. The optional objective 
l apertures can restrict the beam. The objective aperture can enhance 
t high-angle diffracted electrons and the selected area aperture enables 
 periodic diffraction pattern of the crystalline sample. The image is 
n through the intermediate and projector lenses, being enlarged all the 
phor screen and light is generated, allowing the user to see the image. 
 image represent those areas of the sample that fewer electrons were 
ey are thicker or denser), vice versa. 
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b) Contrast machnism 
Mass-thickness contrast 
  The interaction of electrons with heavy atoms in the sample is stronger than with light atoms, 
which gives the mass contrast. In a sample with homogeneous thickness, areas in which heavy 
atoms are concentrated appear with darker contrast than such with light atoms. Moreover, 
thickness may also generate contrast, i.e. more electrons are scattered in thick than in thin 
areas which causes thin areas to appear bright. And thicker sample results in a larger angular 
distribution of transmitted electrons as shown in Fig. 3.2. 
  
 






Fig. 3.2. Larger ang
carbon film. 
 
    Certainly, a thick 
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phase contrast imagi
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is well known, the image contrast may reveal an electrostatic potential 
efocus condition which realizes the successful - /2 phase shift (ideally) of 
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PO) assumption is valid.  
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  Another type of TEM is the scanning transmission electron microscope (STEM), where the 
beam can be rastered across the sample to form the image. The rastering of the beam across 
the sample makes these microscopes suitable for analysis techniques such as mapping by 
energy dispersive X-ray (EDX) spectroscopy, electron energy loss spectroscopy (EELS) and 
annular dark-field imaging (ADF). 
 
Scheme 3.5 
Schematic drawing shows the principle of phase contrast formation 
 
3.1.2 Introduction on the formation of ZnO films 
  In comparison to the bulk ZnO samples, ZnO films have some characteristic properties and 
specific applications. ZnO films are promising candidates in some optoelectronic applications 
like energy windows, liquid crystal displays, solar cells, gas sensors, ultrasonic oscillators, 
transducers, etc.[3]
  Thin films of ZnO with the c-axis orientation perpendicular to the substrate show 
piezoelectric properties and are useful in surface acoustic wave devices, bulk acoustic wave 
devices, acoustic-optic devices and microelectro mechanical systems.[4]  
  ZnO is one of the several optical transparent oxides with wide band gap, which exhibits both 
high transparency and conductivity like indium-tin-oxide (ITO), SnO films. Undoped ZnO 
films have resistivity of 10-3-10-2 Ω cm after deposition,[ 3, 5] while commercial ITO-coated 
polyethylene terephthalate (PET) has a resistivity of 7 × 10-4 Ω cm.[6] Therefore, ZnO films 
might be selected as alternative for ITO, taking advantage of its low cost, high chemical and 
thermal stability. ZnO thin films doped with metal ions like Al, Ga,[7] etc. with resistivities 
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less than 1 × 10-3 Ω cm have been reported and are being applied as transparent conducting 
electrodes in some important devices in place of usual thin films. 
  A large variety of techniques have been employed for growth of high-quality ZnO films, 
including pulsed-laser deposition (PLD),[8] spray pyrolysis,[9] atomic-layer deposition 
(ALD),[10] molecular beam epitaxy (MBE),[11] chemical-bath deposition (CBD),[12] sol-gel,[13] 
electrodeposition,[14] and metal organic chemical vapor deposition (MOCVD) method[15] etc. 
Various Zn-containing precursors have been selected for fabrication of ZnO films, such as 
liquid dimethyl-Zn and diethyl-Zn complexes[16] or the solid acetate,[17] alkoxide[18] and 
acetyl-acetonate zinc complexes.[19] Because of their pyrolysis properties, the Zn-containing 
complex has some advantages over the Tin and Indium counterparts. Generally, Zn complex 
precursors are more reactive. For example, dimethyl-zinc and diethyl-zinc have very high 
vapour pressures (> 10 Torr).
  In the following, we wish to prove that the polymer-based process employed here provides 
an efficient and versatile way to produce nanocrystalline metal oxide films like ZnO film.  
 
3.2.Formation of ZnO films 
3.2.1 Evolution of the ZnO film  
















Fig. 3.3. Weight loss versus temperature of ZnO film in comparison with TGA result of ZnO 
powder.  
 
  The zinc polyacrylate precursor was deposited onto clean silicon or quartz substrates by the 
simple drop casting method. A colorless continuous film was obtained after drying at 50 oC in 
vacuum. Then a series of identical precursor films were put into an oven and heated with a 
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rate of 5 oC/min from room temperature to 500 oC, using air as carrier gas. The films were 
taken from the hot oven at 230, 370, 450, 500 oC in sequence and the last piece of film was 
annealed for 1 h at 500 oC. The films become darker with temperature increasing but the last 
ZnO film appears white. By handling the films with special care, the percentage decrease in 
mass relative to the initial mass for the films is plotted in Fig.3.3 versus the grown 
temperature. The obtained curve shows very similar profile with the TGA result of a powder 
sample, indicating the same decomposition process in both the film and solid state bulk 
sample. 
  X-ray diffraction is used to examine the growth of the films as seen in Fig. 3.4. Strong peak 
at 2θ = 69o is due to diffraction of the silicon wafer. The weak peak at 2θ = 32.9o is assigned 
to Si (200) reflection. From room temperature to 450 oC, all the films are amorphous and 
actually intermediate products between zinc polyacrylate and ZnO crystals. For the film 
annealed at 500 oC, very weak peaks of ZnO (100), (002) and (101) are observed, indicating 
the formation of ZnO. The intensity of the peaks increases for the film with isothermal 
treatment for 1 hour due to the increase in crystallinity of zinc oxide. 
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Fig. 3.4. XRD patterns of ZnO films annealing at different temperature. 
 
   Another series of films was prepared on quartz glass with the same fabrication conditions as 
those on silicon and examined with UV/Vis spectra, as shown in Fig.3.5. At room temperature 
and 230 oC, the films show no absorption at all. But this is not the case of the film grown at 
370 oC, which shows an intensive absorption with absorption edge and a tail. The absorption 
edge could be extrapolated to about 400 nm. With even higher annealing temperature at 450 
oC, the absorption decreases and shows a similar profile as that obtained at 370 oC. For the 
film fabricated at 500 oC and the one annealed for an extra hour, both show a typical optical 
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edge at 375 nm of crystalline type material, which is consistent with the pure ZnO bandgap.  
This proves that the crystallization process is completed after annealing at 450 oC. 













 500 oC, iso1 h
 
Fig. 3.5. UV/Vis spectra of the ZnO films annealed at different temperature. 
 
    We note previous reports of several amorphous semiconductors like α-PbTiO3,[20] 
amorphous silicon[21] and GaP[22], which show similar absorption spectra with distinct 
exponential absorption edge and tail. Wood et al.[23] summarize the characteristics of some 
absorption spectra of chalcogenide and some compound glass, as whose absorption spectra 
could be divided into three regimes, as shown in Scheme 3.6. The first part could be 
expressed by the relation of  
ropt
gE )( −∝ ννα hh  
α is the absorption constant and  optical bandgap. The second part is the exponential part, 






να ∝  
where E1 is in the range 0.05 - 0.08 eV at room temperature and increases with temperature. 
The third part is the absorption tail, which is not an artifact of light scattering and can be 
shifted and sharpened by thermal annealing. The edges are sensitive to the preparation 
conditions, thermal history and purity.   
  In Fig. 3.5 the three characteristic regions are evident in the absorption spectrum of the film 
grown at 370 oC, which changes with the temperature increase. Therefore, the transformation 
of UV spectra edges of the ZnO films reflects the crystallization process from amorphous 
precursor to ZnO crystal. 
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Fig. 3.6. a, b) TEM imag


























es of ZnO film fabricated at 370 oC shown at different scale. c) EDX 
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  The growth of ZnO films on silicon wafer are investigated by electron microscopic methods 
including SEM and TEM. The SEM images are recorded by directly scanning the obtained 
films, while the TEM samples are prepared by scraping some powder from the films and then 
depositing on a copper grid covered with carbon film. The morphology of film calcined at 370 
oC is shown in Fig. 3.6. 
  The layered structure is observed and the darkness arises from the thickness of the sample 
(Fig. 3.6a). Even with high magnification, no crystalline structure is found (Fig. 3.6b). 
Energy-dispersive X-ray spectroscopy is coupled to the TEM device for analysis of the 
composition and compositional distribution of the sample (Fig. 3.6c). The existence of zinc is 
evident. More importantly, a line scan of zinc as the red line denoted in the image shows that 
Zn distribution is relatively homogeneous with a fluctuation of ± 10%. 























Fig. 3.7. a) SEM image of ZnO film fabricated at 450 oC. b) TEM bright-field images and c) 
TEM dark-field image of the same sample. d) HRTEM of the same sample. Scale bar in c and 
d are 10 nm and 5 nm respectively. 
 
  SEM image shows that the film fabricated at 450 oC is semicontinuous with block area in the 
size of 100 µm (Fig.3.7a). The particulate structures sized less than 10 nm in diameter appear 
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in the film matrix (Fig.3.7b). These particles show clear grain boundaries and appear brighter 
than the matrix in the dark-field image, indicating possibly the crystalline structure of the 
particles (Fig.3.7c).[24] HRTEM shows clearly the lattice fringes of crystal material of the 
particles with a diameter of 5 nm (Fig.3.7d). This indicates the birth of zinc oxide 
nanoparticles although no XRD scattering in the powder diffractogram is seen due to the very 
small amount. 
  For the film fabricated at 500 oC, SEM shows a continuous film of ZnO nanoparticles with 
diameter about 20 nm. The thickness of this ZnO film is about 700 nm measured by SEM 
cross-section image. The surface of the film is covered with soft rods, which shrink within 
several seconds of electron beam focusing (Fig. 3.8 a,b). These 200 nm-long rods are however 
undistinguishable under TEM, which demonstrates that they are organic and part of the ZnPA 
precursor. A lager number of particles with greater size are observed in comparison with the 
film fabricated at 450 oC in TEM image (Fig. 3.8c). In HRTEM image, hexagonal shape 
particles in size of 10-20 nm are shown, which is consistent with the wurtzite structure of zinc 

























Fig. 3.8. a,b) SEM images of ZnO films fabricated at 450 oC. c,d) TEM and HRTEM of the 
same sample.  
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3.2.2 Fabrication of films under different gas atmosphere 
3.2.2.1 Introduction 
    The annealing conditions including temperature and gas atmosphere in the preparation of 
ZnO films have significant influence on the photoluminescence (PL) properties of the 
material. In the course of thermal annealing, the intrinsic defects concentration varies, which 
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3.2.2.2 Results and discussion 














Fig. 3.9. X-ray diffraction pattern of ZnO films fabricated in different atmosphere. 
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  In our experiments, four ZnO films were fabricated by annealing of identical ZnPA 
precursor films on silicon wafer in different gas atmosphere: air, pure oxygen, pure nitrogen 
and pure argon respectively. The films were prepared at 500 oC and annealed at that 
temperature for 1 hour. The X-ray diffraction patterns of the films fabricated in N2, O2 and Ar 
are shown in Fig. 3.9. All the patterns indicate the formation of the wurtzite-type ZnO phase 
and no preferential orientation was observed in these films. Like the film fabricated in air, the 
one obtained in argon is semi-continuous with block sized in the range of 100 µm (Fig.3.10c). 
However, those films fabricated in nitrogen and oxygen are continuous although defects like 
crevices are observed (Fig.3.10a,b).  The FESEM high-magnification images show surface 
morphology of the four films as seen in Fig.3.11. In general, in all cases, the particle size of 
the obtained ZnO is in the range of 20 nm. Mainly single particles are seen and twinned are 









a b c 
Fig. 3.10. Low magnification SEM images of ZnO films fabricated in different gas. (a) O2; (b) 
N2; (c) Ar. 
 
  The PL spectra of the films annealed in different gas atmosphere are shown in Fig.3.12. 
Unlike the spectra of the powder ZnO samples (see Ch. 2.3), in which the UV emission is 
very weak or quenched due to the high density of intrinsic defect centers in the nanoparticles, 
all the ZnO films in this experiment show an intense UV emission centered at 382 nm. 
Especially for the case of the film obtained in O2, the UV emission is much stronger than seen 
from the other films, indicating a better crystallinity of the ZnO film. And the difference of 
the visible emission between the ZnO films and powders is also remarkable. The as-prepared 
ZnO film has a strong and very broad visible emission centered at about 550 nm but the ZnO 
powder show this at 590 nm. Unlike the powder sample, no blue emission was observed 
except for the film obtained from O2. Obviously, the gas flow has an evident effect on the 
visible emission of the ZnO film. In pure O2, the visible emission at 550 nm is weaker than 
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Fig. 3.11. SEM images of ZnO films fabricated in a) air, b) Ar, c) N2 and d) O 2; e and f are 
the AFM images of the ZnO films fabricated in N2 and O2, respectively. 
 
  As is well known, the visible emission is due to the intrinsic defects in the crystals. 
Therefore, the blue emission might be assigned to the oxygen-favorable defects like 
interstitial oxygen (Oi) or zinc vacancy (VZn), while the green emission due to the oxygen-
unfavorable defects like vacancy (VO) or interstitial zinc (Zni). The emission at 420 nm was 
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reported previously[2] and attributed to the interstitial oxygen, which is reasonable in our case.  
And the common explanation of the green-emission by assignment to the oxygen vacancy is 
also consistent with our findings, i.e. in the gas with high oxygen content, the formation of VO 
is greatly suppressed, leading to low green-emission band. Fig. 3.12b shows the excitation 
spectra of the ZnO films. All the spectra show an absorption edge which could be 
extrapolated to about 375 nm, the bang gap of undoped ZnO. 



















































Fig. 3. 12. PL spectra of ZnO films fabricated in different gas atmosphere. a) emission spectra 
and b) excitation spectra.  
 
  In summary, ZnO nanocrystalline films are fabricated by pyrolysis of a drop-cast ZnPA film. 
The results of XRD, UV spectra as well as the TEM images prove that both the ZnO 
nanopowder and film undergo same decomposition steps. PL spectra show that in the oxygen 
atmosphere, blue emission is promoted but the green one is suppressed. This confirms our 
assumption that the blue emission is generated by crystal defects, namely zinc vacancies, 
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3.3 Experimental section 
 
Preparation of Zinc Polyacrylate Precursor Polymer: 
 Same procedure as described in chapter 2. 
 
Preparation of ZnO Films: 
Firstly, an aqueous solution of the obtained zinc polyacrylate polymer precursor is prepared 
with a concentration of 0.5%~1%. Then several drops of the solution are cast on a clean wafer 
of silicon or quartz glass. The wafer is put into a vacuum oven and dried at temperature no 
more than 50 °C in vacuum. A colorless film of the zinc polyacrylate precursor is formed 
after several hours. 
Thereafter, the film is calcined in a temperature-controlled oven under certain gas flow with a 
heating rate of 5 °C min-1 to 500°C. The sample was isothermally annealed for 1 hour at this 




UV spectra were recorded at room temperature with a Perkin-Elmer Lambda 2 UV/Vis/NIR 
spectrophotometer. TG-MS were measured under oxygen flow on a Mettler Toledo 
ThermoSTAR TGA/SDTA 851 connected with a Pfeiffer Vacuum GSD 300 T2 pump and a 
Basler MS/Netsch STA449C mass detector. The evolution of films was investigated by XRD 
recorded on a D500 Diffraktometer operating at 30 kV and 30 mA with a 0.08
o 
step size and 
10 s as integration time. The films obtained at different gas atmosphere are record by a Philips 
pulverdiffractometer. SEM images showing the morphology of ZnO films were taken by LEO 
Gemini 1530 with an inlens detector. TEM images were obtained by Tecnai F20 microscope 
operating at 200 kV. Energy dispersive X-ray spectroscope (EDX) coupled to the TEM was 
used for composition determination. AFM images are recorded by a Veeco Multimode 
Scanning Probe Microscope (SPM) with tapping mode. Room temperature 
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4     Preparation of ZnO-Based Mixed Metal Oxide Nanoparticles 
 
4.1 Introduction 
  Mixed metal oxides (MMO) have triggered much research activity due to their wide 
applications in the production of semiconductor devices,[1] ceramics[2] and microelectronic 
including photoluminescent (PL) devices.[3-4] Stoichiometry and homogeneity of composition 
are key to the potential applications of such materials.[5] The size and shape of the MMO 
particles or microstructure of MMO thin films are important parameters that need to be 
controlled. For example, some research work shows that in the synthesis of metal oxide 
nanoparticles, the formation of a metastable solid solution[5] or introduction of a second 
phase[6] could inhibit the particle growth and enhance the thermal stability with regard to 
undesired phase transitions. 
  In principle, mixed oxide systems can be classified into three categories:[7] (i) distinct 
chemical compounds, which for example ZnSnO3 and Zn2SnO4 formed in the ZnO-SnO2 
systems, are thermodynamically stable.; (ii) solid solutions, which for example are formed in 
the TiO2-SnO2 system; and (iii) systems that form neither defined stoichiometric compounds 
nor solid solutions, like TiO2-WO3. 
  Many synthetic methods have been developed, in order to produce MMO of high and 
reproducible quality. Mechanical mixing of precursors followed by a firing process to achieve 
the desired MMO is the traditional method. It starts by ball-milling a mixture of different 
kinds of pure metal oxides or thermally labile metal salts (e.g. carbonates, acetates, nitrates), 
and the resulting blend is then subjected to a temperature controlled heating protocol.[8] Since 
it is difficult to control grain growth and segregation phenomena occurring during calcination 
or sintering, processes and contaminations may be introduced in the course of blending, it is 
notoriously troublesome to create high quality materials. Spray pyrolysis is another method 
frequently used to synthesize MMO of homogeneous composition at the atomic length scale.[9] 
A further method rests on sol-gel chemistry starting from hydrolysis of metal ion containing 
precursors to produce an intermediate oxy-hydroxyl-gel which is then subjected to controlled 
heating (calcination) to give ceramic powders of desired composition. Sin and Odier[10] have 
reported on the synthesis of a series of MMO of the type La0.85So0.15MnO3, La2Cu NiO6 and 
BaZrO3 in which the EDTA complexes of the metal ions were stabilized in a polyacrylamide 
gel prepared in situ. The pyrolysis of the dry gel containing the EDTA metal complex at 
temperatures above 700°C gave the desired MMO. This is a variation of the Pechini 
method,[11] which has been widely used in the past. For instance in the work of M. Kakihana 
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et al.[12] on the synthesis of the perovskite PbTiO3 citric acid is used as both the complexant 
and reagent to form a water compatible polyester with ethylene glycol in situ. The gel 
containing the metal-citric acid complex was then used as precursor in the calcination. An 
earlier publication by Marcilly, Courty and Delmon has described this type of procedure in 
general terms.[13] In all of these cases the polymer acts as a thermolabile builder to hold the 
heterogeneous mixture of precursors together. Hydrothermal synthesis is an approach in 
which nucleation and growth of the desired MMO particles takes place in water or another 
liquid medium at relatively low temperature and under mild conditions. PbZr0.7Ti0.3O3 [14] and 
BaTiO3 [15-17] have been obtained using such a method. 
 
  In this experiment, we like to use a polymer-based process which differs in important details 
from previous methods to prepare MMO powders of controlled composition. The method is 
actually based on sequential adding two or more kinds of different metal ions with defined 
ratio for the preparation of a defined polymer-metal salt complex. The polymer precursor is 
water soluble and can be purified by repeated precipitation/redissolution cycles. The 
sequential adding of ions prevents the preferential absorption of specific ions by the polymer. 
The metal ion density which refers to the ratio between the ionogenic sites fixed to the 
polymer backbone and the number of metal ions per chain can be changed by dilution with 
non-metallic counterions. The purified complex in dry form is calcined at relatively low 
temperature to give nanosized crystals of the MMO provided that sintering can be avoided. 
The composition of the precursor polymer defines the stoichiometry of the MMO in cases in 
which phase segregation into MMOs of different structure and composition does not occur 
during calcination. 
  We illustrate our strategy using the case of zinc-magnesium oxide (Zn1-xMgxO) as an 
example as shown in Scheme 4.1. Zinc polyacrylate is first prepared by mixing polyacrylic 
acid (containing w carboxylic groups) and zinc nitrate (containing m0 zinc ions) in neutral or 
basic aqueous solution followed by precipitation into acetone, as already specified in Ch. 2. 
Suppose in the ZnPA precursor, 2m carboxylate groups are occupied by Zn2+ and the rest (w-
2m) carboxylic acid groups are completely or partially neutralized by . Then the ZnPA 




magnesium ions) is added. The n Mg2+ ions attack the carboxylate group to replace 2n 
ammonium groups because it is much more difficult to replace Zn2+ ions considering the 
electrostatic interaction of cation with carboxylate group . Here, 2(m+n)/w is defined as metal 
ion density. And we can assume m/n is almost equal to m0/n0, which means the ratio between 
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the two metal ions in the final zinc-magnesium polyacrylate (ZnMgPA) complex could be 




































Formation of zinc-magnesium polyacrylate polymer precursor. (The stereochemistry is 
completely neglected in the scheme. Coordination number of Zn2+ and Mg2+ is 4. Here the 
cations are considered as bidentate with carboxylate for simplicity.) 
 
  The method described here is believed to be applicable to a wide range of MMO preparation 
with very precise stoichiometry. In this chapter, we synthesized two ZnO-based nanometer-
sized MMO particles (Zn1-xMgxO and Zn1-xCoxO) in a particular range of composition 
employing this polymer-based method. The precursor is formed by sequential loading zinc 
and magnesium or cobalt cations and is purified via established methods of polymer 
chemistry. The calcination of polymer precursor at relatively low temperature gives 
metastable alloys of the oxide systems. The MMO particles of typically 20-50 nm in diameter 
are single crystals. The optical and magnetic properties of the materials are discussed too. 
 
4.2 Synthesis of Zn1-xMgxO nanoparticles 
4.2.1 Preparation of zinc-magnesium polyacrylate precursor 
  The zinc-magnesium polyacrylate complex is obtained by precipitation of the reaction 
mixture from acetone. The precipitation serves to purify the precursor by removing the ionic 
impurities and other undesired species in the reaction mixture. The precursor polymer is 
completely water soluble. As seen in Fig. 4.1a, the reaction mixture of zinc polyacrylate and 
magnesium nitrate shows absorption at 300 nm due to nitrate group, which disappears in the 
redissolved ZnMgPA aqueous solution. This means the ZnMgPA is purified in the 
precipitation process.  The redissolved precursor polymer aqueous solution shows typical 
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polyelectrolyte behaviour similar to zinc polyacrylate.[18-19] The reduced viscosity at very low 
concentration is very large, but decreases considerably with the concentration increase as 
shown in Fig. 4.1b.  
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V spectra of reaction mixture of ZnPA and Mg(NO3)2 and redissolved ZnMgPA 
ion. b) Reduced viscosity (ηred) as a function of redissolved ZnMgPA precursor 
entration. The molecular weight of the polymer is 5,000.  
g in vacuo, the precursor powder is converted into Zn1-xMgxO by calcination in 
ature oven under air flow. A typical heating program is preset with a heating 
in from room temperature to 550 °C and then keeping it at that temperature for 
sulting colorless powder is composed of nanosized crystals and it has a 
i.e. x = [Mg]/ ([Mg]+[Zn])) predefined by the magnesium content to the overall 
 ratio in the polymer precursor as shown in Fig. 4.2. The magnesium content in 
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the polymer precursor reflects this ratio in the feed as well. Here a slight depletion of 
magnesium in the range of x = 0.2–0.6 takes place in the mixed metal oxides samples. 






























Fig. 4.2. The ratio of Mg content to whole metal content in feed versus that determined in the 
polymer precursor (cross) and mixed-metal oxide (circle) by means of AAS. 
 
  TEM images of a typical zinc magnesium polyacrylate precursor sample are presented in Fig. 
4.3. The TEM sample is prepared by dispersing a drop of the dilute precursor solution on a 
carbon-film covered copper grid. The darker area in the image is formed by the ZnMgPA 
polymer. The contrast is ascribed to the thickness. From the HAADF image (Fig. 4.3b), very 
small particles in the size of 2-3 nm in diameter are observed, which is also seen in ZnPA 
samples possibly due to the aggregation of polymer chain. An energy dispersive X-ray 
spectroscopy (EDX) line scan was performed to detect the distribution of magnesium and zinc 
across the sample. The results show similar profiles for the two elements, indicating 
homogeneous distribution of the both metal ions in the polymer matrix. In other word, no 
composition aggregation takes place at the atomic scale, which is one prerequisite for 
production of a solid solution of the oxide system. Like the analogous zinc polyacrylate 
powder, the zinc-magnesium polyacrylate complex is amorphous as examined by X-ray 
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Fig. 4.3. a) TEM showing the morphology of ZnMgPA with Mn 5000; b) EDX results of Zn 
and Mg in the sample; c) XRD pattern of a zinc-magnesium polyacrylate powder. 
 
4.2.2 Characterization of Zn1-xMgxO nanoparticles  
4.2.2.1 Introduction of lattice parameters of wurtzite zinc oxide 
  The thermodynamically stable crystallographic phase of zinc oxide is zincite which occurs in 
nature as mineral. ZnO crystallites in the wurtzite structure can be 
described as a hexagonal close packed (HCP) lattice of oxygen 
atoms and zinc atoms. The space group is P63mc with zinc atoms 
residing in tetrahedral interstices. The hexagonal unit cell 
contains two formula units. The lattice parameters c and a of 
wurtzite ZnO as shown in scheme 4.2 are derived from X-ray 
diffraction patterns. The distance d between equivalent lattice 
planes is related to the angle at which a X-ray reflection is 




 Scheme 4.2 
                                       θλ sin2dn =                                                                   (4.1) 
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  Here, λ is the wavelength of the X-rays with the value of 1.5406 Å for Cu Kα radiation and θ 
is the diffraction angle. In the hexagonal system, the interplanar distance of lattice planes dhkl 
may be calculated by: 




ahkl                    (4.2) 
Introducing 1, 0, 0 and 0, 0, 2 to substitute h, k, l in the formula gives the expression of lattice 
parameter a and c: 
                                     3
2 100da =                                                                             (4.3) 
                                                                                                                  (4.4) 0022dc =
  The cell parameters obtained here normally are only an approximation due to the existence 
of systematic deviation. These systematic errors have a definite dependence upon θ, which 
can be demonstrated by differentiating the Bragg equation with respect to θ: 
                                         θλ sin2dn =  
                                         θθθ cos2sin20 d
d +∆
∆= , 






                                        (4.5) 
  Thus, increasing the angle θ results in an increase in precision of determination of the 
interplanar spacing d, so that it affects the accuracy by which lattice parameters can be 
measured.  
 
Table 4.1. Previous results of wurtzite ZnO lattice parameters.[20]
a (Å) c (Å) c/a Ref. 
3.2496 5.2042 1.6018 21 
3.2501 5.2071 1.6021 22 
3.286 5.241 1.595 23 
3.2498 5.2066 1.6021 24 
3.2475 5.2075 1.6035 25 
3.2497 5.206 1.602 26 
3.2524 5.2108 1.6021 this work*
* data obtained by refinement of the XRD pattern with CELREF[27] 
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  Some previously reported lattice parameters of wurtzite ZnO determined at room 
temperature by various experimental measurements and theoretical calculations are listed in 
Table 4.1.[20] All these values are in good agreement. The lattice constants mostly range from 
3.2475 to 3.2501 Å for the a parameter and from 5.2042 to 5.2075 Å for the c parameter. The 
c/a ratio vary in a slightly wider range, from 1.593 to 1.6035.  
  The lattice parameters of ZnO may be affected by the following factors including: (1) free-
charge concentration, which is main factor of lattice expansion and is proportional to the 
deformation potential of the conduction-band minimum; (2) crystal defects and ionic radii 
difference of foreign atoms with respect to the substituted matrix ion; (3) external strains and 
(4) temperature. With higher temperature, the lattice expands.  
  The point defects such as zinc antisites, oxygen vacancies, and extended defects, such as 
threading dislocations, increase the lattice constant. These might be the reasons of a slight 
expansion of our lattice, which is also seen in our photoluminescence and electron 
microscopy results. 
 
4.2.2.2 TGA investigation of ZnMgO formation 

















Fig. 4.4. TGA and DTGA results of Zn0.89Mg0.11PA precursor sample. 
 
  TGA of the pyrolysis of a typical zinc-magnesium polyacrylate precursor with magnesium 
fraction of 0.11 is shown in Fig. 4.4. The profile is very similar to that of zinc polyacrylate 
and DTGA result shows that the pyrolysis consists of three steps as was also detected for a 
ZnPA sample. The sample converts to zinc-magnesium oxide with a zinc fraction of 0.88, 
showing good agreement with the composition of the precursor.  
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  In our experiments, for zinc-rich samples, magnesium is loaded to zinc polyacrylate by 
replacement of the ammonium ions, which means in all precursor polymers with different 
composition, the content of zinc in the polymer precursor is constant. Therefore, the increase 
of magnesium content in the polymer results in higher yield of the final products, which is 
demonstrated by the TGA in Fig.4.5. The results show also the shift of TGA curves to higher 
temperature, corresponding to the peaks in DTGA with the increase of magnesium content. 
















Fig. 4.5. TGA data of zinc-magnesium polyacrylate samples with different composition. 
 
4.2.2.3 Characterization of zinc-magnesium oxides 
  Fig. 4.6 shows the X-ray diffraction patterns of the microcrystalline products over the whole 
composition range. The patterns of the pure ZnO are indexed according to the known 
hexagonal phase (zincite) and that of MgO is indexed according to its cubic phase (periclase). 
Clear indications for segregation into a hexagonal and a cubic phase are found for samples 
having magnesium content between 0.26 ≤ x ≤ 0.73. Samples of x = 0.21 and 0.26 showed a 
very weak (200) reflection of the MgO phase indicating that the majority of the material was 
in the form of zincite and at a composition of Zn0.88Mg0.12O the hexagonal phase is the only 
one  seen. The appearance of reflections in the powder patterns belonging to two different 
phases indicate that particles which differ in phase structure and elemental composition have 
been formed in a particular range of overall composition at the temperature and time interval 
of the calcination. More importantly, in the diffraction pattern of hexagonal phase, the peaks 
(002) and (100) position shift is observed, indicating the variation of lattice constant. The 
(002) shows an obvious shift to larger angle with increase of Mg content, reflecting the c-axis 
shrinkage due to the magnesium incorporation into the hexagonal lattice. The lattice 
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parameters are calculated from the position of the reflections. The results are refined with 




























































Fig. 4.6. X-ray diffraction patterns of Zn1-xMgxO (0≤ x ≤1), note that at x = 0.21 the (200) 
peak of cubic phase begins to appear. 
 
  Fig. 4.7 shows the dependence of the lattice parameters of the hexagonal phase depending on 
the overall magnesium content. While the unit cell clearly shrinks along c from the value of 
the pure hexagonal ZnO phase with increasing magnesium content, this is not true for the a-
axis parameter. These results are roughly in agreement with the data obtained from epitaxially 
films grown on sapphire by a laser deposition method[28] although in detail there are 
significant differences. In particular, the onset of MgO segregation from the zincite phase 
occurs already at smaller values in our samples and the dependence of the c-parameter is 
much stronger. These differences may be a consequence of the different preparation methods 
and the adhesion to the substrate in the laser deposited films. We also like to mention the 
work of F.K. Shan et al.[29] who report a linear decrease of the lattice constants with 
increasing magnesium content between 0≤ x ≤ 0.05 with the same trend seen by us. These 
authors used laser deposition as well but on glass as the substrate. Their value quoted at x = 
0.05 is within the error margin of our findings. However, we do not see a similar change in 
the a-axis parameter. To this point our result is in agreement with that of Ohtomo et al. The 
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shrinkage of c-axis is due to the smaller radius of the magnesium ion (0.57 Å) in comparison 
to that of zinc ion (0.60 Å). 
  Another point needs to be noted here is that the hexagonal phase can accommodate up to 12 
mol% MgO while the cubic phase can maintain 18 mol% ZnO in the lattice. In the cubic MgO 
phase, no peak shift with Zn concentration is found within the limits of experimental error.    





















































Two phases of mixture
 
Fig. 4.7. Cell parameter c (filled star) and a (open star) as a function of the Mg content x. 
The data were refined by CELREF.[27] Filled and open circles indicate the standard values of 
ZnO cell parameters.[30] The two dashed lines mark the phase boundary. 
 
  The data reported in Fig. 4.8 give evidence that our samples consist indeed of nanometer-
sized crystals of homogeneous composition. Fig. 4.8a shows a TEM image of a large number 
of crystals having the overall composition Zn0.88Mg0.12O. The particles which appear darker 
than the others are due to the diffraction contrast. The inset shows the electron diffraction 
pattern of one particle out of the collection, which is consistent with the pattern of ZnO. Fig. 
4.8b presents an HRTEM image of a single particle of this sample showing (100) and (012) 
lattice fringes and crystalline order on the length scale of the size of the crystals. The 
interplanar distances are 0.28 and 0.19 nm, respectively by direct measuring on the image.  
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Fig. 4.8. a) TEM image showing the morphology of Zn0.88Mg0.12O nanoparticle. The inset is 
the electron diffraction pattern. The ring patterns indicated that the nanocrystllites are three-
dimensionally randomly oriented. b) HRTEM image of the same sample. The inset is the 
corresponding fast Fourier transform (FFT) of the image c) EDX results of Zn and Mg with a 
line scan as denoted by the line. 
 
  Actually, crystal defects like dislocations and stacking faults are also found in some other 
TEM images. Fig. 4.9 gives an image showing stacking fault in the crystal. An energy 
dispersive X-ray spectroscopy (EDX) line scan was employed for analyzing the elementary 
composition of an individual particle (Fig.4.8c). The similarity of the profile of Mg and Zn 
composition proves that the both elements are homogeneously distributed over the whole 
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particle. In other words, magnesium ions are able to occupy places of zinc ions in the zincite 











Fig. 4.9. Stacking fault in a Zn0.88Mg0.12O nanoparticle as indicated by the arrow shown in 
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solid solution type crystals in the zincite phase at a temperature of 800 °C for two hours 
shows the beginning of the periclase phase segregation from the zincite phase (Fig. 4.11). The 
intensity of XRD peak for MgO (200) is about 0.6% of that of ZnO (002). 
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 4.12. SEM images of Zn0.88Mg0.12O nanoparticles annealed for 2 h at 800 oC. 
e Zn0.88Mg0.12O nanoparticles after thermal annealing for 2 hours at 800 oC exhibit much 
ger X-ray scattering as seen in the XRD patterns. The morphology is shown in Fig. 4.12. 
 particles with diameter around 200 nm and a large size distribution are seen. And part of 
anoparticles is sintered due to high temperature annealing. (Fig. 4.12 c,d). 
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  Scanning electron microscopy (SEM) images show the morphology of some representative 
samples of the Zn1-xMgxO with x 0.82, 0.41, 0.12 and 0.04 respectively (Fig. 4.13). For 
sample Zn0.18Mg0.82O (Fig. 4.13a), the case of a pure cubic crystal as revealed from XRD 
pattern, particulate structure is hardly observable. With decreasing of Mg content (Fig. 4.13b, 
c), particles with size of 10-20 nm are seen with clear particle formation, possibly owing to 
pinning of the grain boundary.[5] In the pure hexagonal phase (Fig. 4.13d), the crystals are 
mainly spherical particles with a diameter less than 40 nm.  
 
 
Fig. 4.13. Scanning electron microscopy images show the morphology of Zn1-xMgxO samples: 
a) x = 0.82; b) 0.41; c) 0.26; d) 0.04. All the samples are prepared at 550oC. 
 
  The existence of magnesium in the metal oxide alloys has significant consequence on the 
electron paramagnetic property of the materials as seen in Fig. 4.14. In pure ZnO (Ch. 2.3), 
two EPR signals at g = 1.9618 and g = 2.0044 are observed and labelled as I and II. Signal І is 
attributed to shallow donor centres (SDC) irrespective to its identity and signal II is due to the 
free electrons in the organic residue generated in the cause of pyrolysis. In all the four 
samples presented here, signal II is strong and the intensity is much larger than the signal I. 
For the case of signal I, it is evident in the sample of Zn0.98Mg0.02O and decreases in intensity 
in sample of x = 0.12. Thus, the increase of Mg content in the hexagonal phase may suppress 
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the EPR signal of SDC. For samples of x = 0.21 and 0.26, where cubic phase begins to 
segregate from the zincite crystals, the signal I is completely quenched.  







Fig. 4.14. EPR spectra of zinc magnesium oxides with different composition. 
 
4.2.2.4. Photoluminescence properties of ZnxMg1-xO nanoparticles 
  ZnO is a wide band gap semiconductor (Eg = 3.34 eV) while MgO has a band gap as large 
as 7.5 eV.[32] Incorporating Mg atoms in ZnO lattice sites will increase the band gap of ZnO. 
This is called band gap engineering and it will change the electrical and optical properties of 
the material.[33] For a ternary semiconductor system of AxZn1-xO where A is the doping ions 
for instance Mg or Cd, its band gap has a relation with the composition x as: 
)()1()( xabxxEExxE AOZnOg −−+−=                     (4.6) 
where b is the bowing parameter and EAO and EZnO are the bandgap energies of compounds 
AO and ZnO, respectively. The bowing parameter b depends on the difference in 
electronegativities of the end binaries ZnO and AO.[20, 34] 
  Many publications deal with the optical properties of ZnMgO, however, mostly for samples 
obtained in form of thin film on solid substrate such as quartz, sapphire etc.[35] The spectral 
data and particularly data on photoluminescence reported in the literatures differ considerably 
and demonstrate that the preparation method of the films or powders has a strong impact on 
the optics of the material.  
  ZnO exhibits relatively intense photoluminescence. Generally two peaks are seen in the 
emission spectrum of pure ZnO. One of these is relatively weak and centred around 3.24 eV, 
which is associated with the near band edge (NBE) emission. The other one occurs in the 
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visible region of the spectrum. It is frequently recorded with maximum centred around 2.12 
eV, intensity and precise position depending on preparation conditions, purity and thermal 
history of the sample. In our case, doping of magnesium into the ZnO phase has a strong 
quenching effect on the high energy NBE emission while emission in the visible is enhanced. 
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Fig. 4.15. (a) PL excitation spectra of samples of Zn1-xMgxO with different x. (b) PL emission 
spectra of Zn1-xMgxO samples excited at 325 nm. (c) The maxima of PL emission (triangle) 
and excitation (circle) Emax depending on x; the broken line through the data points of PL 
emission is a guide to the eye. 
 
  Fig.4.15a shows the PL excitation spectra of the emission in the visible for our powder 
samples of Zn1-xMgxO for various values of x. Fig.4.15b shows the corresponding PL 
emission spectra. The PL excitation spectra were recorded measuring the intensity of the PL 
emission at the respective maximum for each composition. The excitation spectrum monitors 
the density of states near the band edge and allows to retrieve the band gap energy from the 
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evident. This effect had been seen previously and has been discussed in detail for epitaxially 
grown thin films.21,22 Our materials behave similar although they are nanosized powders and 
not monodomain epitaxially grown films. 
Another point worth noting is the significant decrease of slope with increasing Mg 
concentration in the PL excitation spectra near the band edge. This effect is known as alloy 
broadening, but the excitonic character of the absorption peak remains. The emission in the 
visible shifts from pure ZnO with maximum at 2.12 eV to 2.32 eV at x = 0.21 (when the 
segregation into MgO and ZnO phase occurs); it then jumps to about 2.8 eV in the MgO 
phase alloy. The band gap and associated excitation spectral characteristics change nearly 
linearly with increasing content of Mg in the zinc-rich part of the phase composition as 
indicated in Fig.4.15c.  Contrary to this, the energy of the PL emission and its shape seem to 
saturate near a composition of x = 0.2. We like to interpret this phenomenon by the 
assumption that the PL emission comes from localized defect centers which are relatively 
weakly affected by the change in the band structure of the material, which in turn responds 
strongly to the substitutional replacement of zinc by magnesium. A so far inexplicable 
phenomenon just for one sample of composition Zn0.96Mg0.04O is observed. This sample 
showed the maximum of PL emission at 2.4 eV, which is much blue-shifted from what could 
be expected from the data of the other compositions. At present we must leave it to further 
experimentation to clarify the origin of this behavior. We also like to note the observation that 
the NBE emission is quenched on alloying while the emission in the visible is enhanced, 
which indicates that the number of the defect sites associated with the emission is strongly 
enhanced. 
  Fig. 4.16 compares the PL emission and excitation for the sample of Zn0.88Mg0.12O after the 
production for 1 month and 5 month. We can see the stability of photoluminescence of our 
sample. After 5 month storage of the sample, the PL properties with the shape and peak 
position of spectra remain unchanged. The increase of 30% in intensity of the spectra is 
considered as the measurement deviation here. The stability of the PL properties of our Mg 
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Fig. 4.16.  Comparison of photoluminescence of Zn0.88Mg0.12O after production for 1 month 
and 5 months. The sample is stored in depletion of oxygen.  The broken lines are the PL 
excitation spectra and solid lines are PL emission spectra. 
 
   In summary, we found that the calcination of a polymer-metal salt complex, which can be 
purified and processed following established methods of polymer chemistry, is useful to 
prepare nanosized crystals of a typical MMO. The preparation of Zn1-xMgxO by controlled 
pyrolysis of a zinc-magnesium polyacrylate complex is used as an example. The particles of 
typically 20-50 nm diameter are single crystals and are metastable alloys of the 
ZnO / MgO systems in a particular range of composition. The incorporation of Mg into ZnO 
lattice causes shrinkage of lattice parameter of c, but it has less effect on a. Effects of band 
gap engineering on the optical band gap are seen and are in general agreement with 
expectation. The photoluminescence in the visible is enhanced while the high energy emission 
in the UV region is suppressed by incorporation magnesium on zinc lattice sites. This points 
toward the usefulness of our approach to create photo emissive materials with enhanced 
sensitivity. However, significant differences in the emission profiles are seen in our materials 
compared to the reported data from literature, indicating the impact of processing conditions 
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4.3 Synthesize of Zn1-xCoxO nanoparticles 
 
4.3.1  Introduction 
4.3.1.1 Fundamentals of magnetism 
Definitions: Magnetism is a result of moving charges. At the atomic scale, the electron 
motions consist of orbital motion and spin motion, which are the origins of the macroscopic 
magnetic phenomena in materials.  H is normally used to represent the magnetic field strength 
and specifically, it is denoted for fields that result solely from free currents, for instance, a 
magnetic field generated from an electric current flowing in a wire. M stands for the magnetic 
moment per unit volume of a magnetic material, which is the consequence of the two motions 
of electrons. M is considered as equivalent or effective current.  The magnetic induction B 
describes the general case of magnetic field due to both the free and equivalent currents. This 
relation could be expressed as: 
MHB π4+=                                                               (4.7) 
Currently, there are three systems of units: cgs, SI (Sommerfeld) and SI (Kennelly) in 
widespread use. Each has their own merits and disadvantages. The dimensions of H, M, B are 
oersted (Oe), emu·cm-3 and gauss (G), respectively.  
  Susceptibility κ is defined to measure how effective an applied field may induce a magnetic 
field in a material, expressed as: 
   HM /=κ                                                                            (4.8) 
Another important quantity is permeability defined by 
   HB /=µ                                                                             (4.9) 
From expressions above, it is easy to derive that 
   πκµ 41+=                                                                           (4.10) 
And it can be seen κ has a unit of emu·cm-3·Oe-1. 
  Magnetic materials are classified into three major categories by the nature of the interaction 
with a magnetic field of the material. 
I. Ferromagnetism: a strong attraction toward a magnetic pole. For example, iron, cobalt, 
nickel, etc. 
II. Paramagnetism: a weakly attraction toward a magnetic pole. For example, oxygen, 
iron sulphate, titanium, etc. Typical value of κ is in the range of 10-3 to 10-5. 
III. Diamagnetic: a weakly repulsion from a magnetic pole. The vast majority of 
substances belong to this category, for example, water, sodium chloride, calcium 
carbonate, etc. κ < 0, with typical value from 10-5 to 10-6. 
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Origin of Paramagnetism: Paramagnetism occurs when the atomic, ionic, or molecular 
constituents have a nonzero magnetic moment. The source of atomic scale magnetic moments 
is unbalanced angular momentum of electrons including orbital or spin momentum.  Both 
angular momenta yield a magnetic moment given by  
      Jg Bµµ =                                                                       (4.11) 
where µB is the Bohr magneton (equal to 9.27×10-21 emu) and  g is the called g factor with 
typical value of 2.00 for a free electron. And due to only pure spin moment in a free electron 
and J = S = 0.5, the formula (3.11) gives Bµµ = . In transition metal atoms or ions with 
partially filled d-shells, the odd number of electrons gives intrinsic spin moments. 
Langevin model presents the relation of temperature and magnetic properties. In an applied 
field the moment tends to align with the field and energy of interaction for N atoms each with 
a magnetic moment of µ is  
  θµµ cosHHU −=⋅−=                                                   (4.12) 
where θ is the angle between µ  and H . We need the average of cosθ to calculate the total 
moment of macroscopic body, i.e.  
  θµ cosNM =                                                                (4.13) 
Mathematic treatment gives  
)(xLNM µ=   (a);      (b);     1coth)( −−= xxxL kTHx /µ=   (c)          (4.14) 
The formula (3.14b) is called Langevin function and x is the dimensionless parameter 
describing the ratio of magnetic alignment energy to the thermal randomizing energy. 
For small x,                                                                               (4.15) 3/)( xxL ≈
Hence gives the magnetization 
                            H
T
CM =                                                                         (4.16) 
here, , k is the Boltzmann constant, k =1.38×10kNC 3/2µ= -16 erg K-1. This expression is 
called Curie law. It can be written in another form as TC /=κ . 
                             
Origin of Ferromagnetism: The Curie law describes many materials with paramagnetism 
property. However, many other materials display a modified behaviour as 
                            )/( θκ −= TC                                                                 (4.17) 
which is called Curie-Weiss law.  θ is a critical temperature with value either positive or 
negative. It is seen that a net magnetization (M ≠ 0) may be achieved even if the applied 
magnetic field H is zero. This is called a spontaneous magnetization, which is used to describe 
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ferromagnetism. The true physical origin of ferromagnetism is elucidated by Heisenberg, who 
gave an expression of exchange energy of two neighbouring spin interaction 
                          jiexex SSJE ⋅−= 2                                                            (4.18) 
Jex is called exchange integral. If it is positive, the parallel spins lead to ferromagnetism. If Jex 
is negative, the antiparallel configuration leads to antiferromagnetism. 
 
4.3.1.2 ZnO-based dilute magnetic semiconductor material 
  The success in preparation of zinc-magnesium oxide nanoparticles using a polymer 
precursor motivates us to further apply this method to synthesize other mixed metal oxides. 
We note the recent vast interests in the field of dilute magnetic semiconductors (DMS), which 
is promising for the new generation information technology devices based on electron spin 
transition, named ‘spintronics’. The key technique to achieve a spintronic material is the 
development of materials with high Currie temperature (Tc) near room temperature.[20, 37] 
  ZnO-based materials doped with 3d-transition metal ions (tM) such as Co2+,[38] Fe2+[39] and 
Mn2+[37c]  have been proposed as favourable candidates for room-temperature ferromagnetism 
upon theoretical calculation. Some researchers have already reported that they have observed 
high-Tc doped-ZnO materials in their experiments. However, reports also suggest the 
ferromagnetism is sensitive to preparation conditions, which is most possibly due to the 
uncontrolled formation of lattice defects. The existence of intrinsic high-Tc ferromagnetism is 
questioned because of the fact that in some instances the ferromagnetism originates actually 
from the phase-segregated metal or binary oxide clusters.[40] Thus, deeper insight to this kind 
of DMS materials is still necessary. 
  Previous research mostly works on the tM substituted zinc oxide films grown on solid 
substrates like silicon or quartz glass. Only a few research has been carried out on ZnO bulk 
samples prepared by direct chemical route.[41] On the other hand, bulk samples rather than 
films may minimize the surface impurity to remove the exterior effects. In this work, we 
attempt to prepare cobalt-doped ZnO via pyrolysis of a polymer precursor containing the 
desired amount of cobalt and zinc ions. The magnetic properties of the resulting metal oxide 
are investigated towards understanding the relationship between eventually observed 
ferromagnetism and preparation method. 
 
4.3.2 Preparation of zinc-cobalt polyacrylate precursor and its thermal property 
  In the light of these considerations, zinc-cobalt oxide was prepared via a polymer precursor 
in a gram scale production. The synthesis is based on the stepwise loading of metal ions to 
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polyacrylic acid. For a zinc-rich sample, zinc polyacrylate is prepared first. Then desired 
amount of cobalt(II) nitrate was mixed together with certain amount of ZnPA in water. The 
reaction mixture had a pH normally over 5, thus adjustment of pH is not necessary in this step. 
The reaction mixture appears as pink, due to the octahedral coordination of Co(II) ions. The 
reaction mixtures are poured into acetone to remove undesired salt and other species.  















Fig. 4.17. XRD pattern of zinc-cobalt polyacrylate precursor powder. 
 
  The precipitate was collected and dried in vacuo at 50 oC over night. Deep purple powders 
were obtained and then subject to heating treatment with preset program. The obtained zinc-
cobalt polyacrylate complex polymer powder was calcined in a high temperature oven with a 
heating ramp of 5 K/min from room temperature to 550 oC and then annealed at this 
temperature for 1 h. The final product appeared as green powder and with higher amount of 
cobalt ions, the sample colour of the oxides becomes darker and finally changes to black.  For 
the Co-rich samples (x> 0.5), the analogous cobalt polyacrylate (CoPA) complex was first 





+ similar as in the case of zinc-magnesium oxide. The X-ray diffraction pattern 
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Fig. 4.18. TGA results of zinc-cobalt polyacrylate of a) zinc-rich and b) cobalt-rich samples. 
The heating rate is 5 K/min for all the samples. 







































Chapter 4                                                           Preparation of ZnO-Based MMO Nanoparticles  
  The thermal properties of the polymer precursor are investigated by means of 
thermogravimetric analysis (TGA) as shown in Fig. 4.18. Compared the decomposition 
process of the Zn-rich and Co-rich samples, it is found that the Tf, referred to the temperature 
at which the cumulative mass-change first reaches its maximal value corresponding to the 
completion of reaction, for the former samples are obviously higher. By first-order differential 
treatment of the TGA results, the obtained DTGA curves show three peaks in all cases, 
indicating the whole decomposition reaction consists of three steps. The first two peak 
temperatures (Tpeak) are centred at 210 ± 3 and 367 ± 5 oC, independent upon the content of 
cobalt x. However, the value of the third Tpeak differs, exhibiting a strong dependence on x. 


















































Fig. 4.20. (a) TGA results of zinc polyacrylate samples with different zinc content. (b) The 
third Tpeak of ZnPA samples versus zinc content in the precursor polymer. 
 
 
  From previous analysis of zinc polyacrylate, we already know that in the first two steps the 
decomposition of the organic parts takes place and the crystallation process actually happens 
only in the third step. Therefore, the Tpeak of the third step could be influenced by two 
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parameters: the type and content of the metal ions in the polymer precursor. A controlled 
TGA experiment was carried out, in which a series of zinc polyacrylate powders with 
different zinc content varied from 2.1% to 11.7% was investigated for its decomposition 
properties by TGA using the same heating program as zinc-cobalt polyacrylate. Unlike the 
results of ZnCoPA, all ZnPA samples show almost same Tf value, independent on the zinc 
content as shown in Fig. 4.20. The value of third Tpeak in DTGA is within the range of 480-
490 oC (Fig. 4.20b). Thus, we can infer that the considerable change of the third Tpeak in 
ZnCoPA decomposition is due to the loading of cobalt ions in the polymer precursor. With 
increasing content of cobalt, the Tpeak or Tf decreases rapidly. 
 
4.3.3 Characterization of Zn1-xCoxO nanoparticles 
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Fig. 4.21. Co content in the feed versus that determined in the precursor and in oxide. 
 
  The predetermination of composition in the polymer precursor as well as the final MMO by 
sequential adding different metal ions in the feed is shown again in the case of zinc-cobalt 
oxide, although very small deviation happens in some composition range (Fig. 4.21). All the 
precursors sample are water soluble independent on the composition, while the solubility of 
ZnCoO powder in water differs with one another. It decreases with the cobalt content 
increasing in the oxide and becomes almost insoluble even at the presence of high 
concentration hydrochloric acid, when x is over 0.15. Therefore, the composition of precursor 
samples is determined by means of atomic absorption spectroscopy (AAS), while the oxide 
samples are examined by a solid-state method: energy dispersive X-ray spectroscopy. 
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  Fig. 4.22 shows the powder X-ray diffraction patterns of Zn1-xCoxO in the whole 
composition range. Those diffractograms in the range of 0 ≤ x ≤ 0.11 exhibit the expected 
peak positions for the hexagonal ZnO phase (wurtzite) and for the range of 0.79 ≤ x ≤ 1 the 
diffractograms belong to the cubic Co3O4 phase (spinel). The appearance of a single phase in 
the both ranges indicates the homogeneous distribution or doping of low content foreign metal 
ions (cobalt and zinc in the two cases respectively) in the host crystal lattice.  
  For the compositions in between, both crystalline phases, wurtzite and spinel are shown, 
indicating the phase segregation in this range. Due to the poor contrast between Co and Zn in 
x-ray diffraction, the data could not be used to refine the relative amounts of these ions in the 
hexagonal structure. 












Fig. 4.22. X-ray diffraction patterns of Zn1-xCoxO (0≤ x ≤1).  
 
  A detailed analysis of the position and the intensity variation of the (100) and (002) 
reflection for MMO samples containing the wurtzite phase (0 ≤ x ≤ 0.52) was carried out as 
seen in Fig. 4.23. With increasing cobalt content in the mixed oxides, the intensity of the both 
peaks decreases continuously, which may reflect the crystallinity deterioration. Unlike the 
case of zinc-magnesium oxide, an evident shift of peak position of (100) and (002), 
corresponding to the variation of a and c cell parameter, is not seen for the samples of zinc-
 123
Chapter 4                                                           Preparation of ZnO-Based MMO Nanoparticles  
cobalt oxide. These two peaks were fitted to Lorentzian curves, which is common for XRD 
data analysis. The fitting results as listed in Table 4.2 show that the full width at half 
maximum (FWHM) has a small deviation with the x, indicating the particle size variation of 
the crystals according to Scherer formula  
                                             θβ
λ
cos
9.0=hklL                                                      (3.19) 
where λ is the radiation wavelength with 0.15406 nm for copper Kα, β is FWHM of the peaks. 
 






























































Fig. 4.23. a) (100) and b) (002) reflection of the of wurtzite phase of Zn1-xCoxO samples. 
Experimental data are fitted to Lorentzian curves (represented as solid lines). 
 
   The slight deviation in the peak position of (002) and (100) is however within the limit of 
experimental error. Thus, the cell parameters do not change with composition variation in the 
wurtzite Zn1-xCoxO samples. It is well known that in octahedral coordination the Co2+ has a 
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much lager size, which will cause the significant increase of lattice parameters. And for Co3+, 
it is not easy to replace the zinc lattice size due to the difference in the valence.  Therefore, it 
is assumed that cobalt ions are incorporated in the hexagonal phase in our samples in the 
divalent state in tetrahedral ligand field. The incorporation of cobalt (II) ions into the ZnO 
lattice doesn’t cause the lattice distortion due to the size matching between the divalent high-
spin Co in tetrahedral coordination (0.58 Å) and divalent Zn in tetrahedral coordination (0.60 
Å).  
 
Table 4.2. Data analysis of the (100) and (002) reflection in the wurtzite phase. Particle size 
is calculated by equation (3.19). 













0.01 31.80 0.295 28.0 34.45 0.291 28.6 
0.03 31.80 0.275 30.1 34.45 0.268 31.0 
0.11 31.77 0.306 27.0 34.44 0.319 26.1 
0.22 31.76 0.234 35.3 34.44 0.283 29.4 
0.52 31.73 0.388 21.3 34.45 0.328 25.4 
 


















































Fig. 4.24. Typical XRD pattern of the as-synthesized Co3O4. 
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  For the spinel phase of zinc-cobalt oxide, the crystals of Co3O4 begins to segregate from the 
wurtzite phase when x = 0.22, but the majority of material at this composition is still in the 
form of hexagonal zinc oxide. And at x = 0.79, the spinel phase is the only crystal structure in 
the mixed metal oxide. It is already known that the Co3O4 crystallizes in the cubic system in 





[42] Fig.4.24 gives the typical XRD pattern of the as-synthesized Co3O4, which is confirmed 
with the JCPDS file No. 43-1003. The marked peaks are impurity diffractions which are not 
indexed. But the formation of metal cluster like cobalt or zinc and binary oxide like CoO and 
Co2O3 is excluded. Two peaks appear at the vicinity of cobalt(II) hydroxide (100) and (110), 
which indicates that possibly Co(OH)2 could be partial of the impurities present in the 
material. 
  Fig. 4.25 shows the normalized PL emission spectra of Zn0.97Co0.03O excited at 325 and 370 
nm respectively and the excitation spectrum registered at 440 nm. The excitation spectrum 
shows an exciton peak at 378 nm which corresponds to the band gap of zinc oxide. The near 
band gap emission, which reflects the recombination of the free exciton, is quenched due to 
the doping effects similar to the case of Mg-doped ZnO system.  In the visible range, a blue 
emission with two centres at 418 and 439 nm is seen, which is assigned to crystal defect 
center of zinc vacancy, while the emission in the yellow-to-orange range is missing. The 
quenching of both NBE and visible emissions has been reported in the cobalt doped ZnO 
nanowires and films on single-crystal sapphire when the doping concentration was over 
2%.[43] A possible explanation is the enhancement of non-radiative recombination due to the 
Co substitution. Controversial results also emerged very recently. Chang and coworkers[44] 
reported the large-scale synthesis of windmill shaped cobalt-doped zinc oxide by the vapour 
phase deposition method. The PL spectra of Zn0.95Co0.05O in this morphology showed both 
intensive NBE and green emissions with the emission center at 375 nm and 380 nm 
respectively. The difference in PL spectra of reported zinc-cobalt oxide may reflect the 
influence of preparation conditions on the optical properties of this kind of materials. 
  Magnification of the emission spectra in the range of 600-700 nm shows a weak emission 
centred at about 680 nm, whose intensity is even lower when excited at 370 nm. This new 
emission peak is prevailing in all of our wurtzite samples and corresponds well with the 
4T1(P)→4A2(F) ligand field transition, indicating Co2+ ion in a tetrahedral crystal field.[43a] 
This is another important proof of the divalent state of cobalt ions in the wurtzite lattice in 
addition to the XRD results. The emission might reflect rather more a single process, but 
indicate a mixed 4T1(P), 2T1(G), 2E(G) →4A2(F) transition between cobalt d-levels 
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incorporated in the ZnO host. It was detected that it splits into three satellite peaks at very low 


















 λexc= 325 nm
 λexc= 370 nm













Fig. 4.25. PL emission spectra of Zn0.97Co0.03
excitation spectra registered at 440 nm. 
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Fig. 4.28. (a) Low magnification TEM image of the Zn0.97Co0.03O nanoparticles. (b) 
Histogram computed for 100 particles shown in this image resulting in an average diameter 




Chapter 4                                                           Preparation of ZnO-Based MMO Nanoparticles  
  Another point that needs to be mentioned is the intensity variation of the photoluminescent 
spectra amongst the different ZnO-based materials synthesized via our method (Fig.4.27). In 
comparison to pure ZnO nanopowders, the intensity of visible emission for Mg doped ZnO 
material is enhanced, due to the introduction of high concentration of defects in the host 
crystal. The position of the emission centre shifts to lower wavelength (higher energy) side in 
that the doping causes the enlargement of ZnO band gap. For the case of cobalt doping, the 
emissions are significantly suppressed. This tuneable photoluminescence property implies the 
promising applications in the optoelectronic device for Mg-doped ZnO.   
 
  The morphology of the Zn1-xCoxO samples with different compositions was examined by 
means of TEM. The low magnification image shows that the sample consists of nanosized 
particles with diameter less than 40 nm with a quite large size distribution (Fig. 4.28a). EDX 
measurement shows clear indication of presence of zinc and cobalt with the overall 
composition of this sample Zn0.97Co0.03O (Fig. 4.28d). The sintering of the crystals has not yet 
taken place. The size and size distribution of the crystals of this sample was evaluated 
choosing 100 particles with clear boundary at random. Gaussian fit of the histogram gives the 
average diameter of 27.2 nm for the nanoparticles (Fig. 4.28 b). Fig. 4.28c presents an 
HRTEM image of a single particle of this sample showing (002) lattice fringes and crystalline 
order on the length scale of the size of the crystals. The interplanar distances are 0.26 nm by 
direct evaluation on the image. The well-resolved lattice fringes indicate that the particle 
exists of a pure single phase and is highly crystalline in nature. 
  For sample with overall composition of Zn0.78Co0.22O, where the spinel phase start to 
segregate from the wurtzite phase, the particles size are around 50 nm and heavy aggregation 
of particles is observed (Fig. 4.29a, b). Considerable degree of sintering has taken place in this 
sample. As revealed by X-ray diffraction pattern, spinel phase oxide forms already at this 
composition. A cubic particle with clear lattice fringes is found as shown in the high-
resolution TEM image (Fig. 4.29c). The interplanar distance is 0.47 and 0.28 nm, matching 
the (111) and (022) plane of Co3O4 respectively. In Fig. 4.29d, a particle of wurtzite structure 
is observed. A stacking fault is shown as denoted by the arrow. In most metal oxides, crystal 
defects of different nature and concentration as well as location have significant consequences 
on the optical and electronic properties of the material. The correlation of crystal defects with 
PL features of ZnO has attracted tremendous research interests and been intensively 
investigated in recent years.[50] In general, the emission in the near-band-edge, so called NBE 
emission has been unambiguously assigned to free exciton recombination. However, the 
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emission in the visible ranging from blue to the red emission has been observed in various 
ZnO nanostructures and films. These visible emissions are believed to be related to crystal 
defects like oxygen vacancies, zinc vacancies, interstitial oxygen, etc. However, no consensus 
on the origin of the visible emission of zinc oxide has been hitherto reached.   Probably, 
preparation methods and conditions have important influence on the visible emission 





Fig. 4.29. (a) SEM image showing the overall morphology of Zn0.78Co0.22O nanoparticles. (b) 
Low magnification image showing the sintering of the particles (c) HRTEM image of a single 
particle of spinel and (d) stacking fault in a wurtzite particle. 
     
 Combining the XRD and TEM results, we prove that the cobalt ion can replace the zinc ion 
position in the hexagonal lattice. The solubility of cobalt (II) ions in a hexagonal phase is less 
than 0.22 for the zinc-cobalt oxide by the method using a polymer precursor. We note the 
report of Kim et al.,[46] who prepared a Zn0.75Co0.25O film on sapphire (0001) substrates by a 
laser deposition method. His film shows a single phase wurtzite structure when the substrate 
temperature was kept below 600 °C, but the conditions like substrate temperature and O2 
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pressure may introduce impurity phase of Co, CoO and/or ZnO into the film. Risbud and 
coworkers[41b] have prepared bulk cobalt doped ZnO powders and found the solubility limit 
for cobalt ions is over 20%. They also reported a linear relation between the lattice parameter 
and cobalt content, which is not seen in our case.  
For the case of pure spinel phase, Zn0.11Co0.89O was checked by electron microscopy as 
well (Fig. 4.30). The size of the particles as revealed by SEM (Fig. 4.30 b) and low 
magnification TEM is less than 100 nm. However, the size of the particles has a large 
distribution (Fig. 4.30a). Only cubic phase particles are found which is consistent with the 




Fig. 4.30. (a) Low magnification image showing the morphology of Zn0.11Co0.89O 
nanoparticles. (b) SEM image of the same sample (c) HRTEM image of a single particle of 
spinel phase. 
 
4.3.4 Magnetic Properties of the Zn1-xCoxO Samples 
  Several cases of ferromagnetic Zn1-xCoxO films have been reported in the last few years. 
Ueda et al.[38a] prepared Co-doped ZnO film on an Al3O2 by PLD technique. The film with 
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15% Co doping showed a TC  is over 280 K. However, the authors also claimed that the 
reproducibility was poor (about 10%). Pan and coworkers[38b] deposited Zn0.96Co0.04 film on a 
LiNbO3 (104) substrate by a direct current reactive magnetron cosputtering method. A giant 
magnetic moment of 6.1 µB / Co and a high Curie temperature TC of 790 K were observed. 
These authors suggest a supercoupling mechanism in terms of bound magnetic polarons to 
explain the ferromagnetism. The related theory was worked out in detail by Coey et al,[37a] 
who proposed that the ferromagnetic exchange is mediated by shallow donor electrons that 
form bound magnetic polarons, which overlap to form a spin-split impurity band. On 
theoretical grounds, high Curie temperatures should be achieved via hybridization and charge 
transfer from a donor-derived impurity band to unoccupied 3d states at the Fermi level. 
  However, Yoon et al.[47] proved that their transition metal-doped ZnO including Co, Mn, and 
Fe are rather antiferromagnetic than ferromagnetic according to a Curie–Weiss behavior of 
susceptibility. Lawes[41a] also found no any evidence of ferromagnetic ordering in their Co or 
Mn doped ZnO powders. And several more groups claimed the finding of ferromagnetic 
features is due to the presence of cobalt metal clusters as a second phase in the mixed metal 
oxides. 
  Gamelin et al.[48] presented an interesting result of a reversible ferromagnetic ordering at 300 
K. A double-exchange mechanism was proposed for magnetic ordering that involves electron 
delocalization within a sub-conduction-band cobalt impurity level. 
  Another recent work by Lin et al.[37b] showed that additional Cu doping into bulk 
Zn0.98Co0.02O could be achieved and gave rise to room-temperature ferromagnetism. They 
demonstrated that the copper and cobalt codoped-ZnO film grown by a standard solid-state 
reaction method have a homogeneous distribution of metal ions without a secondary phase 
from the results of x-ray diffraction and EDX. 
 All this controversial results possibly indicate the effects of preparation methods on the 
magnetic properties of the materials. The nature of the ferromagnetic phenomena in dilute 
magnetic semiconductors is obviously not yet clear. 
  This work presents a chemical synthesis method to prepare mixed metal oxides via a 
polymer precursor. Doping of cobalt in zinc lattice site has been achieved as demonstrated by 
XRD, TEM and PL. A sample here with a composition of Zn0.97Co0.03O was obtained at 480 
oC and annealed for 1 h at this temperature under nitrogen atmosphere. Its ferromagnetic 
property was examined using a superconductive quantum interference device (SQUID) 
magnetometer. Fig. 4.31a shows the magnetization versus temperature curve measured during 
cooling in an applied field of 1 kOe. The results indicate no ferromagnetism but rather 
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paramagnetic behaviour of this sample. Due to the discontinuous change of the magnetization 
values in different temperatures, we have problems to fit our data using a Curie-Weiss law. 
However, no hysteresis loop was observed in the M – H data at 300 K (Fig. 4.31b). Both 
results confirm that our sample does not show ferromagnetic ordering. 



















Fig. 4.31. Magnetization measurement for Zn0.97Co0.03O nanopowders. a) temperature 
dependence of the magnetization measured in a constant field of 1000 Oe and b) 
Magnetization versus field measured at 300 K. 
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  In conclusion, we successfully prepared another ZnO-based mixed metal oxide (Zn1-xCoxO) 
via our polymer-based method. The composition of the obtained oxides corresponds to the 
predetermined metal ion content in the feed and the resulting zinc-cobalt polyacrylate 
precursor polymer. In the wurtzite phase, the cobalt ions are divalent with high-spin 3d7 state 
and they occupy zinc lattice sites in the hexagonal structure as proved by XRD, absorption 
and photoluminescence spectra. The incorporation of cobalt ions considerably suppresses the 
emission of the material. The Zn1-xCoxO consists of nanometer sized particles with diameter 
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20-50 nm. Magnetic property of the material is checked too and ferromagnetic ordering is not 
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4.4 Experimental section 
 
Preparation of Zinc Polyacrylate Precursor Polymer: 
Typically, 1.036 g polyacrylic acid (prepared from 50 % aqueous solution by freeze drying) 
(Aldrich, Mw = 5000) and 0.428 g Zn(NO3)2•6H2O were dissolved in 110 ml water. The 
solution is stirred for 10 min. Ammonium hydroxide (25% wt) was added dropwisely to 
adjust the pH to the desired value between 5~10. The reaction mixture was now concentrated 
to about 20 ml by freeze-drying. The residual viscous liquid was dropped into 120 ml acetone. 
A colorless precipitate was formed and collected by centrifugation. It was washed with 
acetone and dried at 40 °C in vacuum. 
 
Preparation of Zn1-xMgxO:  
For a zinc-rich sample (x < 0.5): 0.5g zinc polyacrylate was redissolved in 50 ml water and 
stirred for 10 min. A solution of 0.144 g Mg(NO3)2•6H2O in 15 ml water was added. The pH 
was adjusted to 7 with ammonia. The mixed solution was concentrated to 20 ml by freeze-
drying and then poured dropwisely into 100 ml of acetone. The precursor was collected by 
centrifugation, washed with acetone and dried in vacuo. 
The precursor material was milled into fine powder and then calcined in a temperature-
controlled oven under air flow with a heating rate of 5 °C min-1 to 550°C. The sample was 
isothermally annealed for 1 hour at this temperature and taken out from the hot oven in time. 
For the Mg-rich samples (x>0.5), magnesium polyacrylate complex was first prepared 
analogously and then zinc was incorporated as described above. 
 
Preparation of Zn1-xCoxO:  
The synthesis route is very similar as that of Zn1-xMgxO: 
For a zinc-rich sample (x < 0.5): 
500 mg zinc polyacrylate was redissolved in 50 ml water and stirred for 10 min. A solution of 
5.66 mg Co(NO3)2•6H2O in 15 ml water was added. The pH was adjusted to 7 with ammonia. 
The mixed solution was concentrated to 20 ml by freeze-drying or rotary-evaporator at 50 oC 
under reduced pressure and then poured dropwisely into 100 ml of acetone. The precursor was 
collected by centrifugation, washed with acetone and dried in vacuo. 
The precursor material was milled into fine powder and then calcined in a temperature-
controlled oven under air flow with a heating rate of 5 °C min-1 to 550°C. The sample was 
isothermally annealed for 1 hour at this temperature and taken out from the hot oven in time. 
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For the Co-rich samples (x>0.5), cobalt polyacrylate complex was first prepared 




The composition with regard to Zn and Mg or Co in the precursors polymer was determined 
by Atomic Absorption Spectroscopy (AAS) using a Perkin Elmer 5100 ZL spectrometer. The 
Zinc-magnesium polyacrylate complexes were directly dissolved in water, while the Zn1-
xMgxO samples were measured after dissolving them with concentrated HCI. The zinc-cobalt 
polyacrylate composition was dissolved in water for composition determination using AAS. 
Energy dispersive X-ray spectroscope (EDX) coupled to the TEM was used for zinc-cobalt 
oxide composition determination. pH values were measured with a Pt/KCI glass electrode 
attached to a pH meter (Schott CG 843 set). Viscometric measurements were performed at 
20±0.01 oC using a capillary Ubbelohde-Viscometer from Schott (Germany). The optimal 
temperature for calcination was worked out by thermogravimetric analysis (TGA), using a 
Mettler Toledo TGA/SDTA 851 e instrument. Powder XRD patterns were recorded on a 
Seifert 3000 TT Bragg-Brentano diffractometer using Cu Kα radiation with λ = 0.15406 nm, 
operating at 40 kV and 30 mA with a 0.03o step size in the range of 5° ≤ 2θ ≤80°. SEM 
images showing the morphology of nanoparticles were taken by LEO Gemini 1530 with an 
inlens detector (electron high tension (EHT) = 1 kV). TEM images were obtained by Tecnai 
F20 microscope operating at 200 kV. UV spectra were recorded at room temperature with a 
Perkin-Elmer Lambda 2 UV/Vis/NIR spectrophotometer. Particle size histograms and 
distributions were obtained statistically by measuring the dimensions of at least 100 crystals 
with help of the software ImageJ (National Institute of Health, USA). CW-EPR spectra were 
measured with a Elexsys 580 spectrometer at frequencies of approximately 9.8 GHz, using an 
4103TM cavity at room temperature. Photoluminescence (PL) measurements were performed 
at room temperature on a Spex Fluorolog spectrometer. Magnetic measurements were 
performed using a commercial superconducting quantum interference device (SQUID, 
Quantum Design MPMS-XL-5). Both the magnetization as a function of field at 300 K and 
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5           Formation of ZnO Nanoparticles via Inverse 




  Emulsions are defined as dispersed systems consisting of liquid droplets (dispersed phase) in 
a liquid (continuous phase).[1] The wide applications of emulsions have since long attracted 
great interests in academia and industry. Conventionally, a system with organic substance as 
disperse phase and water as the continuous phase is called ‘oil-in-water’ emulsion. On the 
contrary, the so-called ‘water-in-oil’ emulsions or ‘inverse’ emulsion refer to the systems 
where water is the disperse phase in an organic continuous phase. Systems containing 
restricted aqueous/hydrophilic environment has been used as small reactor or ‘nanoreactor’ in 
that the droplets or micelles (see scheme 5.1) normally has a size from several tens of 
nanometers to microns. Here, Emulsion polymerization is possible when a monomer is 
employed as the disperse phase at appropriate reaction conditions. The resulting polymer 








Scheme 5.1 Schulman’s model of a reverse micelle[2] 
 
  The term emulsion encompasses three types of related categories: Conventional emulsions 
(or sometimes called macroemulsion), microemulsion and miniemulsion. They differ from 
one another in many aspects, especially in the droplet size and stability.  
 
* Macroemulsion is kinetically stabilized system, which forms below a threshold 
concentration of surfactant dependent on the oil phase as well as the chemistry of the 
emulsifier. The droplet in this system is large, normally in the range of 1-10 µm in diameter. 
Empty and oil-swollen surfactant micelles coexist in the initial state. In the course of 
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polymerization, monomer diffuses through the water phase to the micelles in order to sustain 
polymer particle growth. Particles are formed with a diameter of usually more than 100 nm. 
The polymerization in this kind of system is named macroemulsion polymerization. The latex 
particle size does not depend on that of the primary emulsion droplet, which is kinetically 
controlled by parameters like temperature or the amount of initiator. 
 
* Microemulsion is formed beyond the threshold emulsifier concentration and thus becomes 
thermodynamically stable with an interfacial tension at the oil/water interface close to zero. 
The system consists of droplets with 5 to 50 nm in diameter, leading to optical transparency. 
By incorporating a monomer in either the dispersed or continuous phase, polymerization 
reaction may take place. Because initiation reaction cannot start in all microdroplets 
simultaneously, polymer chains are formed only in some droplets. This thermodynamic non-
equilibrium state usually leads to an increase in particle size. The polymer particles coexist 
with empty micelles. A major problem often arises from phase separation occurring in the 
process of polymerization. A cosurfactant (alcohol) is often required which may lead to chain 
transfer reactions causing limit of the molecular weight of the polymer. 
 
* Miniemulsion is critically stabilized with respect to colloidal stability, which requires high 
shear to reach a steady state. The stability of the emulsion and the size of the resulting 
particles in this system are in between that of macro emulsions and micro emulsions. The size 
of droplets in this system is usually in the range of 50-500 nm. A miniemulsion typical for an 
oil-in-water case consists of oil (e.g., a water-insoluble monomer), water, a surfactant, and a 
highly water-insoluble compound (hydrophobe). The composition is subjected to high rate 
shearing to achieve homogenization using normal untrasonicators or microfluidizers. Key 
factors that govern the miniemulsion formulation are the type of homogenization and the 
hydrophobe that needs to be added. 
a) Influence of type of homogenization 
Homogenization of an emulsion can be achieved by several techniques. In early years, simple 
stirring was applied and Omni-mixer and Ultraturrax was also reported to obtain small and 
homogeneously distributed droplets. Nowadays, ultrasonication is widely used to meet the 
high shear requirement. The mechanical emulsification starts with a premixing of the fluid 
phases containing surface-active agents and further additives. The process undergoes two 
steps. At the first step, the deformation and disruption of droplets take place resulting in an 
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increase of the specific surface area of the emulsion. Then, these newly formed interfaces are 








































Scheme 5.2  
Scheme for the formation of miniemulsion via ultrasonication (US).[3] 
a monomeric miniemulsion, the droplet size is, in turn, determined by monomer amount, 
ous amount, monomer solubility, level of surfactant, and level of hydrophobe. The 
let size initially is a function of the intensity of shear. Monomer droplets also change 
e rapidly in size after sonication in order to approach a pseudo-steady state in size. Once 
state is reached, the size of the monomer droplet is no longer a function of the intensity of 
r, assuming a required minimum is used. During ultrasonication, the droplet size 
eases constantly until a constant size is reached (scheme 5.2).  
fluence of the hydrophobe 
o mechanism including Ostwald ripening and coalescence, which are the hindrance to a 
le miniemulsion, may cause the growth of the droplets after homogenization. Surfactant 
 suppress the coalescence. Adding a hydrophobic compound to the disperse phase may 
rol Ostwald ripening providing an osmotic pressure inside the droplets to balance the 
lace pressure. The Laplace pressure ∆p is the vapour pressure difference between the 
r and the outer part of a droplet of radius r, expressed as 
                                                         )/2( rp γ=∆                               (5.1) 
re γ is the surface tension for the oil/water interface. The surface tension tends to 
press the droplet, increasing the internal pressure. The Laplace pressure is offset by an 
otic pressure (Π), caused by a different chemical potential due to the well-known van’t 
f equation 
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                                                                Π = nRT/V                                   (5.2)              
  However, this pressure equilibrium cannot be established immediately after homogenization. 
The addition of a very hydrophobic material rapidly suppresses the Oswald ripening of the 
droplets, whereas slow droplet growth by coalescence does not stop until the pressures are 
equilibrated. Thus, the steady-state miniemulsification leads to a system of critical stability. 
The droplet size is the compromise between fission by ultrasound and fusion by collisions and 
the minidroplets are as small as possible for the time scales involved.  
Analogous to direct miniemulsions, the osmotic pressure in inverse miniemulsions can be 
suppressed by an agent insoluble in the continuous phase, a so-called lipophobe. In this case, 
due to the low solubility of most salts in organic solvents, they are proper candidates as 
lipophobes in water-in-oil miniemulsions. 
  In miniemulsion polymerization, the latexes are essentially a polymerized copy of the 
original droplets, the size of which is essentially given by the dispersion process and droplet 
stability, but not by polymerization parameters. In other word, before and after polymerization, 
the droplet size is the same. 
 
5.1.2 Synthesis of inorganic crystals in emulsion 
  The concept of ‘nanoreactor’ has emerged in recent years and is widely applied in the 
synthesis of nanoparticles of inorganic materials. Due to the stability and proper size ranging 
from several tens of nanometers to several microns in various emulsion systems, emulsions or 
inverse emulsions are ideal nanoreactors for preparation of nanoparticles of metal oxides.  
  Brese et al.[4] synthesized cross-linked functionalized acrylic emulsion polymer and 
suspension polymers, which complex with metallic ions and can be converted to metal oxides 
upon calcination at low temperature. They have demonstrated the method is successful in the 
formation of ZrO2, CeO2, LiMn2O4, Ba2YCu3O7, as well as catalysts in the Au/Pt and 
Pt/CeO2 systems. 
  Reverse micelles and microemulsions are widely used system, in which both nanoparticles 
and nanostructures are synthesized in the aqueous pool as disperse phase of ordered 
mesophases in a nonpolar medium. Normally, two identical microemulsions are prepared, 
each containing the water-soluble precursor salt and then mixed together. With mixing the 
two microemulsions, the precursor precipitate resulting from the reaction of the two salts 
takes place in the aqueous core after period of inter-droplet exchange and nuclei aggregation. 
This method has succeeded in metallic,[5] calcium carbonate,[6], barium sulphate[7] and 
zeolite[8] nanoparticles preparation. For instance, Hingorani et al.[9] successfully synthesized a 
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nanosized zinc-containing precursor in water-to-oil microemulsion system which was 
converted to ZnO nanoparticles after calcinations. In their report, the aqueous disperse phase 
consists of 10-25 nm micelles which contain the soluble metal salt in the continuous phase of 
a hydrocarbon. The ZnO-precursor nanoparticle is also produced in ethanol-in-oil 
microemulsion. Mann and coworkers[10] employed supersaturated reverse micelles and 
microemulsions as organized reaction microenvironments for barium sulfate precipitation. 
The as-prepared amorphous barium sulfate is 2-4 nm in size formed in reverse micelles. In 
contrast, in microemulsions, highly elongated filaments of crystalline barium sulfate, with 
lengths up to 100 micron and 20-50 nm in width were formed.  
  An extraordinary virtue of this method is to generate very small nanoparticles. However, a 
stable inverse microemulsion consumes tremendous amount of surfactant, while the yield of 
inorganic crystals is relatively low. This limits its applications in industry. 
  In comparison with microemulsion, the miniemulsion shows special advantages as 
nanoreactor, used as the size template of the final products. During the reaction each droplet 
converts in a one-to-one process with preservation of particle number and the amount of 
material in each droplet. The amount of surfactant used in this system is rather low. 
Landfester et al.[11] showed that the miniemulsification of low melting salts and metals 
enables the direct synthesis of nanoparticles of high homogeneity with diameters between 150 
and 400 nm. They have prepared a pigment (Fe2O3), magnetic nanoparticles (Fe3O4), an 
abrasive (CaCO3), a ceramic precursor (ZrO2), and low-melting metals used in electric fuses 
as model systems. The inverse miniemulsion method is also applicable in film preparation of 
inorganic phosphors.[12] 
  In this work, we prepare zinc oxide nanoparticles via pyrolysis of a polymer precursor, 
which is obtained by inverse miniemulsion polymerization. 
 
5.1.3 Introduction to dynamic light scattering 
  Dynamic light scattering or as it is sometimes called photon correlation spectroscopy (PCS) 
or quasi-elastic light scattering (QELS), is an important technique for particles size 
measurement. It is based on the fluctuations of the scattered intensity of light due to Brownian 
motion of the particles. The scattering fluctuation in the medium is correlated by means of an 
intensity-time autocorrelator, which monitors the scattering intensities in small time intervals 
τ over a total observation time t=n·τ with n the number of time intervals. The autocorrelation 
function is defined as: 
                                         )()0()()2( τ⋅=•=≅ ntItItg                               (5.3) 
 143
Chapter 5                                                Formation of ZnO Nanoparticles via Inverse Emulsion  
 
where the bracket denotes an average over typically 106-108 single correlations.  
From this expression we can derive the correlation function of the electric field g(1)(t) as 







Atgtg                                        (5.4) 
with A being the experimentally determined baseline. For monodisperse particles the 
autocorrelation function can be written as monoexponential decay function  
                                                                                   (5.5) )exp()( 2)1( tDqBtg −⋅=
where D is the translational diffusion coefficient, q is the scattering vector given by  






πnq =                                                      (5.6) 
with n the refractive index in the medium, λ0 the light wavelength in vacuum, θ the scattering 
angle. B appears as the signal-to-noise ratio in the equation.   
For polydisperse system, an analogous relation is given by 







)1(                             (5.7) 
Therefore, the z-averaged diffusion coefficient DZ is determined by 
















τ         (5.8) 
  The diffusion coefficient is dependent on the scattering angle, which is due to the 
intermolecular interaction, local mode and polydispersity. The original diffusion coefficient 
D0 of the scattering particle can be obtained by plotting apparent diffusion coefficient (Dapp) 
versus q2 with extrapolating q to zero. D0 can be transformed to the hydrodynamic radius Rh 
by application of Stokes-Einstein relation as 




TkD πη60 =                                                         (5.9)   
with kB, T , η are the Boltzmann constant, the temperature and the solvent viscosity 
respectively. 
 
5.2 Results and Discussion 
5.2.1 Synthesis of the polymer precursor via inverse miniemulsion polymerization 
  Above have presented a method to prepare metal oxides or mixed metal oxides via a 
polymer precursor loaded with different metal ions. Here, we present an alternative way for 
preparation of binary metal oxides by controlled calcination of a polymer precursor, which is 
formed via inverse miniemulsion polymerization of metal salts of acrylic acid. The metal 
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containing polymer precursor acts as size template and is converted to a very fine powder of 
crystalline metal oxide. Zinc oxide nanoparticles are prepared as a model, the synthesis 
procedure of which is described in scheme 5.3. 
  In the first step, two separate solutions are prepared. One is the aqueous solution containing 
zinc salt (zinc nitrate here) and acrylic acid; the other is an organic solution containing the 
surfactant, hexadecane and a large amount solvent cyclohexane. The two solutions are mixed 
together with rapid stirring for half an hour and are then subject to ultrasonication to form a 
stable water-in-oil miniemulsion. The zinc nitrate works as both the reaction reagent and 
lipophobe which establishes the osmotic pressure to balance the Laplace pressure. The formed 
micelle is in the size of 50-100 nm dependent on the formation conditions. With adding 
initiator BPO (Benzoylperoxide), miniemulsion polymerization reaction can be started at 70 
oC. The obtained milky miniemulsion is the latex of zinc-loaded polymer precursor. After 
precipitation from a nonsolvent acetone, the zinc polyacrylate is collected via centrifugation 
and dried over night in vacuo. Zinc oxide is formed upon calcinations of the precursor powder 
from room temperature to 500 oC under air flow. 
 

































Scheme of the synthesis of zinc oxide via inverse miniemulsion 
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  In order to obtain a stable water-in-oil miniemulsion, a series of surfactants were examined 
including an anionic surfactant sodium dodecyl sulphate (SDS), non-ionic surfactant 
polyethylene oxide derivate (i.e. Lutonsol AT50, C16/C18-EO50) and sorbitane monostearate 
(Span 60) and sobitan monooleate (Span 80). However, except Span 60 and Span 80, the 
other surfactants show poor behaviour in maintenance an emulsion stable against phase 
separation. In our experiment, a typical recipe for the inverse miniemulsion is listed in Table 
5.1. 
 
Table 5.1. Standard recipe for formation of an  inverse miniemulsion. 
Disperse (aqueous) Phase Amount 
Acrylic acid                              1 g 
Zn(NO3)2·6H2O                              0.43 g 
Water                              4.5 g 
Continuous (oil) Phase                              Amount 
Span 80                              0.5 g 
Hexadecane                              2 g 
Cyclohexane                              40 g 
  
  Dynamic light scattering is employed to determine the size of the inverse micelles. Fig. 5.1a 
gives the correlation function of a typical inverse miniemulsion measured at a scattering angle 
of 85o at room temperature. Fig. 5.1b is the inverse Laplace transformation of the correlation 
function, which clearly shows a strong peak, indicating only one mode in the solution with the 
hydrodynamic radius of the micelle 69 nm in diameter. Moreover, the size of the micelle is 
unchanged at different scattering angle, reflecting the spherical structure of the micelles of the 
inverse miniemulsion (Fig. 5.2). 
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Fig. 5.1. a) DLS correlation function; and b) size distribution of a typical inverse 
miniemulsion. The miniemulsion is formed according to Table 5.1 but using span60 as 
surfactant. The scattering angle is 85o here. 












Fig. 5.2. Hydrodynamic radius of micelle of the inverse miniemulsion at different scattering 
angle. 
 
Table 5.2. Size of micelles formed at different conditions. 
Continuous Phase Surfactant Amount (g) Size (nm) 
n-Octane Span 60 1 81 
Cyclohexane Span 60 0.5 69 
Cyclohexane Span 80 1 82 
Cyclohexane Span 80 0.3 98 
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  The micelle size of the inverse miniemulsion prepared at different conditions is shown in 
Table 5.2. It is seen that the particle size of all the micelles is in the range of 50-100 nm in 
diameter. The type of surfactant and its amount affect the size of the formed micelles. Scheme 
5.3 shows the chemical formula of the surfactants. It is also shown that with more surfactant, 




















Chemical formula of surfactants of Span 60 and Span 80 
 



























Fig. 5.3. Particle size of polymer latex synthesized at different conditions versus scattering 
angle. (ES5P: 0.5 g Span 60, polymerized at 70 oC; ES8P2: 0.5 g Span 80, polymerized at 70 
oC; ES10P: 0.3 g Span 80, polymerized at 70 oC). 
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  The polymerization process forms the latex of zinc polyacrylate at relatively low 
temperature (not more than 70 oC). It is well known that in the basic medium part of 
carboxylic group of the acrylic acid may complex with zinc ion, leading to formation zinc 
acrylate. Thus, the essence of this reaction is the copolymerization of zinc acrylate and acrylic 
acid in the pool of nanosized micelles. The micelle size before and after polymerization 
should have no significant change. Fig.5.3 gives several latex sizes determined by means of 
DLS as well. 
     



































Fig. 5.4. SEM image of polymer latexes. (a, b
for the both samples is 2 hours. (e) and (f) is 
determined by the statistic work. The solid lin













) ES5P; (c, d) ES8P2. The polymerization time 
size of the ES5P and ES8P2 respectively 
e in (f) is Gaussian fit of the histogram. 
149
Chapter 5                                                Formation of ZnO Nanoparticles via Inverse Emulsion  
 
  All the polymer latices are polymerized for 2 hours with BPO as initiator. The latex size 
remains invariable at different scattering angles in the range from 50o to 150o, which indicates 
the shape of the latex is spherical. The inverse latex is 50-70 nm in diameter dependent on the 
preparation conditions, which is consistent with the micelles size. This complies with the 
character of the miniemulsion, in which the size of the latex is predefined by the micelle 
forming as ‘one-to-one copy’.[2,13] 
  The polymer latex is examined with Scanning Electron Microscopy (Fig. 5.4). The size of 
the latex is ranging from 50 to 100 nm, correctly consistent with the DLS results. It can be 
also seen that the proper choice of surfactant affects the morphology of the resulting latex. 
Using Span 80 (sample ES8P2) instead of Span 60 (sample ES5P), a more homogeneous 
morphology with narrow size distribution of the latex is obtained. This is due to that the 
inverse miniemulsion with Span 80 is more stable than that with Span 60, which suffers from 
coalescence and Oswald ripening leading to larger particles. Imperfect polymer particles are 
seen in the latex using Span 60 (Fig. 5.5). A statistic work is carried out for determination of 
the size and size distribution. The size distribution profile shows that ES5P (Fig. 5.4e) 
actually is multimodal with the main peaks at 57 and 85 nm. For sample ES8P2 (Fig. 5.4f), 
the size of the latex is monodisperse, with the value of 44.2 nm obtained by Gaussian fit of 
the histogram.   
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scattering of which is indicated in the diffractogram. The ZnPA polymer powders show only 
two big halos very similar to the diffractogram of precursor samples prepared by the polymer-
salt complex method. 























.    
          
 
Fig. 5.6.  X-ray diffraction pattern of the ZnPA powder obtained by inverse miniemulsion 
polymerization. 
 
5.2.2 Formation of zinc oxide nanoparticles 
  The ZnPA polymer precursor converts to zinc oxide upon controlled calcination using air as 
carrying gas with a preset heating program. To work out the proper heating program, 
thermogravimetric analysis is carried out (Fig. 5.7). 
 
Table 5.3. Composition of the ZnPA polymer samples. 
Sample C(%) H(%) N(%) *Zn (%) 
ES5P 47.81 5.4  2.7 
ES8P 35.57 6.91 9.52 6.0 
ES8P2 37.78 6.76 10.71 5.6 
* determined by atomic absorption spectroscopy (AAS). 
 
  In general, the decomposition consists of three weight loss steps, i.e. 150-260 oC , 260-350 
oC and 350-500 oC, corresponding to three major peaks in the first-order differential analysis 
(DTGA) curves centred at around 200, 370, 480 oC respectively. The yield of the final 
product is in the range of 10%-20% dependent on the loading of zinc in the samples. The 
composition of the precursor samples is analyzed by elemental analysis for Hydrogen, Carbon 
and Nitrogen as well. Zinc content is determined by atomic absorption spectroscopy (AAS) 
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shown in Table 5.3. The obvious lower content of zinc in sample ES5P may reflect the poor 
efficiency of Span 60 as emulsifier, with which the inverse miniemulsion is unstable, causing 
less zinc nitrate in the water pool. 
 
















































Fig. 5.8.  X-ray diffra
ZnPA precursor. 
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nanoparticles is about 20-30 nm (Fig. 5.9 b, d) with uniform size distribution, which is 
consistent with the XRD result. In the scale of micron, the powders are layer-like aggregates 
(Fig.5.9a, c). 


















Fig. 5.9. SEM images of ZnO nanoparticles upon calcination of polymer precursor at 500 oC. 
(a, b) ZnO123; (c, d) ZnO127 derived from precursor ES5P and ES8P2 respectively. 
 
  The optical properties are one of the most important features of zinc oxide, which ensures its 
promising applications in photovoltaic and optoelectronic devices.[14] The photoluminescent 
spectra of a typical as-synthesized zinc oxide is shown in Fig. 5.10. The sample is excited at 
325 and 370 nm respectively at room temperature. When excited at 325 nm, a weak NBE 
emission at 375 nm due to the direct recombination of free excitons is observable. The low 
intensity of emission possibly indicates high density of crystal defects in the sample.  The 
blue emission is seen also in this sample; whereas the yellow-to-orange emission centred at 
598 nm shows most intensive band. The yellow-to-orange emission has been reported for 
ZnO film and single-crystal tubular ZnO whiskers. In both cases it is attributed to crystal 
defect of interstitial oxygen, while for blue emission no consensus in its origin has been 
achieved. Considering that our zinc oxide is prepared in oxygen-rich atmosphere, we 
attentively assign the blue emission to zinc vacancy and emission at 598 nm to interstitial 
oxygen. Compared to emission centre at 583 nm for the zinc oxide prepared by polymer-salt 
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complex method, the emission exhibits a red shift of 15 nm. This may be due to the different 
preparation method. 



















 Emission λex= 325 nm
 Emission λex= 370 nm
 Emission λex= 325 nm
583nm 598nm
 
Fig. 5.10. PL spectra of as-synthesized zinc oxide nanopowders excited at 325 and 370 nm 
respectively. The doted line stands for the PL spectrum of zinc oxide prepared via the 
polymer-salt complex method described in Ch.2.   
 
  Infrared spectrum of the ZnO nanopowders is investigated using the conventional pellet 
method with KBr as diluent. A typical spectrum of the ZnO nanoparticles is presented in the 
range of 400-4000 cm-1 (Fig. 5.11). Above 2000 cm-1, the absorption at 3432 cm-1 is due to 
OH- stretching at the particle surface. The weak bands at 2920 and 2850 cm-1 could be 
assigned to the antisymmetric and symmetric C-H stretching respectively,[15] which reveals 
the trace amount of the organic residue from the polymer precursor. For the frequency below 
2000 cm-1, the intense bands at 1630 and 1424 cm-1 may be ascribed to antisymmetric and 
symmetric carboxylate stretching, which is complexed with surface Zn of the ZnO crystal. 
Their frequency difference ( ∆ν = 206 cm-1) reveals that the mode of binding of the 
carboxylate group onto the ZnO surface might be unidentate.[16] The spectrum bears an 
obvious difference to that of the ZnO sample prepared by the polymer-salt complex method, 
giving another proof that the material property is strongly influenced by the preparation 
methods and conditions. The strong band centred at 449 cm-1 is the characteristic Zn-O bonds 
stretching in zinc oxide. Using the mechanism of TADC,[17] in the case of ZnO nanoparticle, 
the filling factor f for the as-prepared ZnO is 0.6, which indicates a state of slightly 
aggregation, consistent with the morphology as the SEM images show. 
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Fig. 5.11. FT-IR spectrum in the range of 400-4000 cm-1 of the as-prepared zinc oxide 
nanopowder. 
 
  In summary, we have successfully prepared zinc oxide nanoparticles with 20-40 nm in 
diameter upon calcination of zinc-loaded polymer powders. The polymer precursor is 
synthesized via inverse miniemulsion polymerization of the acrylic acid and zinc nitrate 
mixture in the water pool. The obtained polymer latex has a size of 50-100 nm predefined by 
the size of the corresponding inverse micelles. The photoluminescence property of the as-
prepared zinc oxide is checked, which exhibits strong orange-to-yellow emission with 15 nm 
red shift in comparison with the ZnO obtained by the polymer-salt complex method. And the 
IR spectra of the samples differ with each other as well. The FT-IR spectrum shows that the 
as-prepared ZnO surface involves unidentate complex between zinc ions and carboxylate and 
also reveals a slight aggregated state of the sample morphology. The difference in the optical 
property between the ZnO samples prepared from different preparation methods actually 
reflects the difference of composition and architecture of the precursor polymers. We assume 
that in the polymer-salt complex method, the precursor in a great extent preserves the 
structure of the neutralized polyacrylic acid or polyacrylate as a linear polymer. Zinc ions are 
homogeneously distributed in the polymer chain. However, in the case of the method 
employed here, the polymerization of the zinc acrylate and acrylic acid may generate 
entangled and crosslinked polymer chains. The zinc ions accumulate mostly at crosslinking 
points of the polymer because the zinc acrylate works as crosslinker. This has significant 
effect on the morphology of the final zinc oxide products such as particle size, aggregation 
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degree. The complex mode between the carboxylate and zinc as well as the defects density 
and location in the zinc oxide nanocrystals are affected too.  
 
5.3 Experimental section 
 
Preparation of inverse miniemulsion: Two solutions are prepared firstly. One is aqueous 
solution containing 1 g acrylic acid and 0.43 g Zn(NO3)2·6H2O in 4.5 g water. The solution is 
adjusted to pH 8 by 25% ammonia. The other solution contains 0.5 g Span 80 and 2 g 
hexadecane in 40 g cyclohexane. The two solutions are mixed together and subjected to 
continuous stirring for half an hour. Then, a transparent inverse miniemulsion is formed after 
90 seconds of untrasonication at 90% intensity. 
 
Preparation of zinc containing polymer precursor: The obtained miniemulsion is transferred 
to a preheated oil bath and polymerized at 70 oC for 2 hours with adding 30 mg BPO as 
initiator. After completion of polymerization, the miniemulsion is milk-like. Slight yellow 
polymer precursor precipitates out upon pouring the miniemulsion into 3-5 times volume of 
acetone. The precursor was collected by centrifugation, washed with acetone and dried in 
vacuo.  
  
Formation of zinc oxide nanoparticles: The precursor material was milled into fine powder 
and then calcined in a temperature-controlled oven under air flow with a heating rate of 5 °C 
min
-1 
to 550°C. The sample was isothermally annealed for 1 hour at this temperature and 
taken out from the hot oven in time.  
 
INSTRUMENTAL 
Dynamic light-scattering setup consisted of a 100 mW laser operating at 647.1 nm and an 
ALV5000e correlator.  The sample solutions were filtrated with Millipore 450 nm filter 
before measurement and measured in 20mm cylindrical quartz cuvettes from Hellma. 
 pH values were measured with a Pt/KCl glass electrode attached to a pH meter (Schott 
CG843 set) with an integrated temperature sensor (Blueline 14pH, Schott). Before the 
measurements, the pH electrode was calibrated with three buffer solutions at pH 4.006, 6.865 
and 9.180 at 20.0 8C (DIN Norm 19266). The zinc content in the precursors material is 
determined by atomic absorption spectroscopy (AAS) using a Perkin Elmer 5100 ZL 
spectrometer. Elementary analysis for Carbon, Hydrogen and Nitrogen was performed in the 
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lab of Institut für Organische Chemie in Johannes Gutenberg Universität Mainz. The optimal 
temperature for calcination was worked out by thermogravimetric analysis (TGA), using a 
Mettler Toledo TGA/SDTA 851 e instrument. Powder XRD was obtained by a Philips 
pulverdiffractometer using Cu Kα radiation with λ = 0.15406 nm, operating at 40 kV and 30 
mA with a 0.03
o 
step size and 4 seconds as integration time. SEM images showing the 
morphology of ZnO nanoparticles were taken by LEO Gemini 1530 with an inlens detector 
(electron high tension (EHT) = 1 kV). FTIR spectra were recorded with a Nicolet 730 
spectrometer (liquid N2-cooled MCT detector) with pressed pellets, which were made using 
KBr powder as the diluent. Room temperature photoluminescence (PL) measurements were 
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6.1.1 Definition of Zeta potential 
  Solid, liquid and gas are the fundamental states of matter. If one of these states is finely 
dispersed in another, it is called a ‘colloidal system’. These materials are of specially practical 
importance in scientific fundamental research and industrial application. Particles in a 
colloidal suspension or emulsion usually carry an electrical charge. Zeta potential is an 
important parameter of particles, which may help understand and control colloidal 
suspensions. In certain circumstances, the particles always tend to adhere to one another and 
form aggregates of successively increasing size, which may settle out eventually. Therefore, 
the stability of colloidal particles is of special concern in research works for decades. 
 
DLVO Theory: Derjaguin, Verwey, Landau and Overbeek developed a theory (DVLO theory) 
in the 1940s that suggests the stability of a particle in solution is dependent upon its total 












  The tota
expressed


















Scheme 6.1  
ariation of free energy with particle separation according to DVLO theory  
 
l or net energy is influenced by several competing contributions and might be 
 as: 
                              EN = EA + ER +ES                                                                     (6.1) 
 and ER are the attractive and repulsive energy of particles respectively. ES stands for 
 contribution of solvent. Because solvent only has a marginal contribution over the 
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last few nanometers of separation, EN is primarily dependent on the balance of EA and ER 
(Scheme 6.1). This theory proposes that an energy barrier resulting from the repulsive force 
prevents two particles approaching one another and adhering together. In case that the 
particles collide with sufficient energy to overcome the barrier, they will come into contact, 
where they adhere strongly and irreversibly together due to the attractive force. Thus the 
colloidal system is stable, if the particles have a sufficiently high repulsion. On the contrary, if 
a repulsion mechanism does not exist then coagulation will take place. 
 
Electrical Double Layer: The double layer model is used to visualize the ionic environment 
in the vicinity of a charged particle and explains how electrical repulsive forces occur. 
The development of a net charge at particle surface affects the distribution of ions in the 
surrounding interfacial region, resulting in an increased concentration of counter ions (ions of 




























The double layer structures with indication of the different parts and respective potential.  
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  The liquid layer surrounding the particle consists of two parts: an inner region, namely the 
Stern layer, where the ions are strongly bound to the particle and an outer, called diffuse layer 
region where the ions are less firmly attached. Within the diffuse layer there is a notional 
boundary inside which the ions and particles form a stable entity. When a particle moves (e.g. 
due to gravity), ions within the boundary move with it, but any ions beyond the boundary do 
not travel with the particle. This boundary is called the surface of hydrodynamic shear or 
slipping plane. 
  The potential that exists at this boundary is known as the Zeta potential, ζ. Due to the 
experimental problems in determination of the electrostatic potential at the beginning of the 
diffuse layer, this potential normally is simply approximated by measuring the ζ -potential. In 
aqueous solution, pH is the most important parameter that affects zeta potential. A zeta 
potential value on its own without defining the solution conditions is a virtually meaningless 
number. 
  The existence of electrical charges on the surface of particles enables them to interact with 
an applied electric field, which is collectively defined as electrokinetic effects. There are four 
distinct effects depending on the way in which the motion is induced, including 
electrophoresis, electro-osmosis, streaming potential and sedimentation potential. 
 
Electrophoresis: It is defined as a phenomenon that charged particles suspended in the 
electrolyte are attracted towards the electrode of opposite charge, when an electric field is 
applied across an electrolyte. The movement of charged particles in electrophoresis is 
opposed by viscous forces. When equilibrium is established between these two opposing 
forces, the particles move with constant velocity v. The velocity of a particle in a unit electric 
field is referred to as its electrophoretic mobility, expressed by Henry’s equation as 
                                                               )(3
2 rfE κη
εξµ =                  (6.2) 
where η is the viscosity of medium; ε is the dielectric constant of the medium and f( κr) is a 
function of the Debye length (κ, reciprocal value of the thickness of the double layer) and the 
radius of the particle (r). Two values are generally used as approximations for the f( κr) 
determination - either 1.5 or 1.0.  
  Electrophoretic determination of zeta potential is most commonly made in aqueous media 
and moderate electrolyte concentration. f( κr) in this case is 1.5, and this is referred to as the 
Smoluchowski approximation for systems with particles larger than about 0.2 microns 
dispersed in electrolytes containing more that 10-3 molar salt. For small particles in low 
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dielectric constant media (e.g. non-aqueous media), f( κr) becomes 1.0 and allows an equally 
simple calculation. This is referred to as the Huckel approximation.  
 
6.1.2 Review on surface modification and applications 
  Nanoparticles or nanocrystals of semiconductor materials are of great interests for science 
and technology, which have been extensively studied in the last decade due to its wide 
application in light emitting diodes,[1] catalyst,[2] gas sensor[3] and biolabels.[4] Their different 
characteristics with bulk materials are due to the small grain size and high interfacial surface 
areas. The surface of the nanoparticles is therefore unstable because of the high free energy. 
In order to minimize the surface energy, the particles either tend to aggregate with one 
another or absorb small molecules on their surface.
  Early research in the field of colloid synthesis often met problems of flocculation or 
precipitation of final products. For preventing the colloid particles from agglomerating or 
further growing, thus maintaining particles in solution, stabilizers are added to the reaction 
system. The stabilizer is chemically or physically absorbed on the surface of the growing 
colloidal particles, quenching further adding crystal units to the bulk. Thus, nanometer-sized 
semiconductors or even quantum dots might be obtained. In other word, the stabilizer in this 
category of reactions may work as ‘size controller’. In the 1980s, Henglein[5] reported the 
successful preparations of CdS particles in aqueous solution adding polyphosphate as 
stabilizer. This might be one of the pioneering works in this field. Nowadays, various kinds of 
stabilizers such as trioctyl phosphine,[6] thiols,[7] amines,[8] amino acid[9] and polymers[10] have 
been widely used in nanostructured colloid synthesis.  
  The technique using stabilizer in colloidal chemistry is inherently connected with a more 
common method for functionalizing the surface of nanoparticles, named ‘surface 
modification’. The basic principle is to anchor external small molecules or polymers to the 
particles surface via reaction of the surface groups with the ligands.[11] Surface modification 
improves physical and chemical properties to nanomaterials. At the same time, surface 
ligands with chemical specificity can introduce a higher level of nanoparticles structural 
organization and new chemical/physical properties related to their collective behavior. 
For example, long-term stability of nanoparticles in both solution and bulk polymers is still a 
technically challenge.[12] The nanoparticles tend to aggregate irreversibly together under 
ambient condition. Surface-modified method can significantly enhance the stability of 
nanoparticles and improve their compatibility with polymer matrix to form nanocomposites. 
Whang et al.[12b] successfully prepared highly transparent and stable luminescent 
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ZnO/poly(hydroxyethyl methacrylate) nanocomposites via copolymerization of monomer 
with organic molecule (TPM)-modified ZnO nanoparticles. The stability of ZnO nanoparticles 
are highly improved after the TPM modification. 
  The surface modification of nanoparticles with organic molecules is useful in medical 
application. For instance, magnetic nanoparticles such as iron oxide offer great opportunities 
toward developing drug delivery vehicles as anticancer agent.[13] The surface of the iron oxide 
nanoparticles are modified with hydrophilic polymers such as pluronic polymers (imparting 
aqueous dispersity to the nanoparticles), which may bind chemically with the therapeutic 
agents on the polymer layers.  These particles preserve the magnetic properties and show 
good magnetic targeting ability of the carrier system in vivo. All in all, surface modification is 
an important technique in modern material science. 
  In this work, we attempt to modify (doped-) zinc oxide nanoparticles, which are obtained 
from pyrolysis of polymer precursor, with a small molecule (tetrabutylammonium phosphate). 
Our aim is to enhance the stability of the nanoparticles and their dispersibility in bulk polymer 
to form stable ZnO/polymer nanocomposite. 
 
6.2 Results and discussion 
















Fig. 6.1. Scheme representing the surface modification of ZnO nanoparticles in this work. 
 
  Fig. 6.1 shows the schematic representation of general route of our surface modification 
reaction. The method is similar as the work of Feddern,[14] but we make some important 
changes.  Firstly, we use ultrasonication to enhance the reaction between the nanoparticles 
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and modifier, while they didn’t use it; secondly, the surface modification was applied on ZnO 
quantum dots in their case, but our ZnO nanoparticles normally have size in the range of 20-
50 nm; Mostly importantly, they didn’t give any characterization on the success of anchoring 
of the modifier on the ZnO surface. In other word, we for the first time give clear 
experimental evidences of surface anchoring of modifier molecules. 
  The procedure starts from preparation of the surface modifier-tetrabutylammonium 
phosphate via the neutralization reaction between the tetrabutylammonium hydroxide and 








The two products are monosalt and bisalt, which differ with each other in the number of 
hydroxide or tetrabutylammonium group. The ratio between them is dependent on pH and 
stoichiometry of the reactants.
  Thereafter, the obtained modifier solution was added into the alcoholic suspension of zinc 
oxide nanoparticles (typical concentration of 1-5 g/L) with the zinc to phosphate ratio of 1:10. 
An opalescent dispersion is obtained after the reaction between the phosphate groups with the 
hydroxide groups on the particle surface. Vigorous stirring and ultrasonication is applied to 
the reaction mixture to enhance the interaction. The modified nanoparticle is assumed to have 
a core-shell structure with zinc oxide in the core and the organic molecules at the shell as 
indicated in Fig. 6.1. The modified particles could be purified and collected with 
ultracentrifugation after several washing procedures. 
 
6.2.2 Characterization of the modified-ZnO nanoparticles 
  The object of this work is to achieve grafting of functionalized group on the metal oxide 
surface without destructing the morphology of the metal oxide, i.e. the spherical shape and the 
particle size. Thus, acidity and a proper ratio between zinc and phosphate are very important. 
We tried to directly use phosphoric acid to modify zinc oxide nanoparticles with different 
ratio of Zn/P from 1:1 to 1:100. UV spectra are recorded for the reaction mixture in each case 
as seen in Fig. 6.2a. For pure ZnO and the reaction mixture with ZnO and H3PO4 of 1:1 and 
1:10, an evident absorption peak at 373 nm is observed, which is consistent with the ZnO 
bandgap (3.3 eV). This peak however disappears for the solution with ratio of ZnO and H3PO4 
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as 1:100, indicating the complete dissolution of ZnO nanoparticles in very strong acidic 
environment. Thus, we partially neutralize the phosphoric acid and choose zinc to phosphate 
ratio as 1:10, so that the ZnO has enough possibility to react with the modifier but without 
dissolution. Fig. 6.2b shows the UV spectra of the modified ZnO nanoparticles in ethanol 
solution after redispersion. The absorption peak at bandgap clearly indicates the preservation 
of ZnO particles. 
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Fig. 6.2. a) UV spectra of reaction mixture of ZnO nanoparticles with different amount of 
















Fig. 6.3. X-ray diffraction patterns of pure ZnO and modified ZnO nanoparticles. 
 
  The phosphate-modified ZnO powders are investigated by X-ray diffraction (Fig. 6.3), the 
diffractogram of which corresponds to wurtzite-type zinc oxide. In comparison with the 
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unmodified ZnO, no significant changes in the diffractogram are seen, which is possibly due 
to the very thin layer of the coating for only several nanometers as expected. Similar results 
are found in OA-Pluronic-stabilized iron oxide nanoparticles[13a]  and phosphate-modified 
zirconia particles.[15] Thin modifier layer does not change the XRD pattern of the 
nanoparticles in all these cases. In the XRD result of Feddern, they found the formation of 
zinc phosphate, due to the reaction of ZnO quantum dots and modifiers.  
  Evidence of successful coating of tetrabutylammonia phosphate is given by elementary 
analysis. The results show that the modified ZnO nanoparticles contain 1.3% carbon and 
0.31% hydrogen. The ratio of C/H is 1:2.86, which is very close to the ratio of the two 
elements in the tetrabutyl group (1:2.25), indicating unambiguously the existence of the 
modifier in the sample. For unmodified ZnO nanoparticles, the content of carbon or hydrogen 
is below the determination limit of the device. Table 6.1 lists elementary analysis results of 
some samples. It shows different concentration of organics on the particles surface obtained at 
different reaction conditions. 
 
Table 6.1. Composition of the modified ZnO samples.*
Sample C(%) H(%) C/H 
ZnOSIIIC 1.3 0.31 1:2.86 
ZnOSIVA 1.22 1.04 1:10.2 
ZnOSIIB 2.77 0.73 1:3.16 
* the results are obtained by average of two independent measurements.   
 
  To confirm that the phosphate group is chemically adsorbed to the surface of zinc oxide 
nanoparticles, FT-IR spectra were recorded at room temperature for unmodified and modified 
ZnO powders. In Fig 6.4a, the zinc oxide sample, named ZnO127, prepared by pyrolysis of 
zinc-loaded polymer particles made in inverse miniemulsion (Ch. 5). Beyond 3000 cm-1, the 
band of hydroxide groups is clearly shown. In the range of 2000-3000 cm-1, intense 
absorptions at  2926 and 2845 cm-1 are observed in the modified ZnO nanoparticles, which 
are however not clear in the unmodified ZnO. These two peaks are assigned to the 
antisymmetric and symmetric C-H stretching vibrations of the -CH2- groups in the 
hydrocarbon moiety (in this case, the butyl groups).[16] Other than the broad peak at 1094 cm-1 
due to C-O in the unmodified ZnO nanoparticles, P-O stretching at 1038 cm-1 is observed for 
modified ZnO,[19] indicating the success anchoring of modifier molecule on the particle 
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surface. The strong peak at 451 cm-1 is the characteristic peak of Zn-O stretching shown in 



















Fig. 6.4. FT-IR spectra of pure ZnO and modified ZnO nanoparticles. (a) sample ZnO123; (b) 
sample ZnO180. 
   
  The differences in the spectra in the range of 800-1500 cm-1 are more evident in Fig. 6.4b, 
which shows the spectra of another zinc oxide sample (ZnO180). This sample is obtained by 
the polymer- salt complex method as described in Ch2. The intense bands of antisymmetric 
and symmetric stretching of carboxylate group shrink considerably due to the replacement by 
phosphate groups. More importantly, the strong P-O stretching at 1030 cm-1 with a shoulder at 
942 cm-1   due to P-O-H bond[20] appears in the modified ZnO sample, which is however not 
shown in the unmodified sample. 
  It is expected that the modifier molecules could be bound to zinc ions through one or two P-
O-Zn bond, namely unidentate and bidentate coordination. This is reflected by 31P solid state 
NMR spectrum as seen in Fig. 6.5, which shows two peaks at 7.7 and 9.5 ppm. Similar results 
have been reported in phosphonate-modified titania particles and zirconia particles, where the 
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phosphate has three possible coordination types with Ti4+ or Zr4+. Accordingly, three chemical 
shifts could be detected by 31PNMR. And it is found that the bidentate coordination has a 
large chemical shift than the tridentate coordination case in the modified titania sample. 
Therefore, we tentatively assign the signal at 9.5 ppm to unidentate coordination between 
phosphate and zinc ion in our case.  
 
Fig. 6.5. MAS-31PNMR spectra of the modified zinc oxide nanoparticles sample. 
 
  The size of the ZnO samples is measured by dynamic light scattering method with the 
Malvern Zetasizer at a fixed angle of 90o. Fig. 6.6 presents the size and size distribution of 
ZnO nanoparticles and modified ZnO nanoparticles. We note the difference in the results of 
intensity and number size distribution. As well known, the intensity of light scattering is 
proportional to the 6th power of particle size. Therefore, the possible introduction of dust into 
the sample may greatly distort the results. Fig. 6.6a shows the size distribution calculated on 
number and intensity for the sample of modified ZnO nanoparticles respectively. The 
significant difference between them indicates the existence of aggregates in the sample as 
well as possible dust particles. Previously, we used scanning electron microscopy to study the 
morphology of the ZnO nanoparticles and calculate the size distribution based on a statistic 
work (see Ch 2, 3 and 4). The size distribution obtained by SEM is actually a number 
distribution, which is comparable with the DLS number results. Therefore, in this work we 
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Fig. 6.6. (a) Dynamic light scattering results showing difference in intensity and number 
distribution of modified ZnO in water dispersion. (b) DLS results showing size and size 
distribution of ZnO nanoparticles before and after surface modification. 
   
    Fig. 6.6b compares the size and number size distribution of ZnO nanoparticles before and 
after the surface modification. It is seen that for the unmodified ZnO, the size of the particles 
has a wide number distribution with centre at 250 and 400 nm, indicating a large amount of 
particle aggregates. After the surface modification, the size of the particles decreases to about 
120 nm and the size is monodisperse. The component of particle aggregates in the sample 
decreases from about 15% to less than 4%, which suggests that the weak aggregates could be 
separated into single particles or small clusters by means of this surface modification. 
  The change in morphology of ZnO nanopowders by surface modification is checked by 
means of SEM as shown in Fig. 6.7. This zinc oxide sample used here is named ZnO127. The 
unmodified particles show aggregate structure with particle size around 20-50 nm (Fig. 6.7 a, 
b).  For the modified nanopowders, the particle shape and size is unchanged compared with 
the unmodified zinc oxide, indicating that the surface reaction does not destroy the spherical 
structure of the particles. Especially, the surface coating with organics on the particles is 
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clearly shown in Fig. 6.7c,d. Actually, most particles are single particle for modified zinc 
oxide. In the solid-state powders, these particles are stacked together but are readily 


















Fig. 6.7.  SEM images showing the morphology of (a, b) unmodified ZnO nanopowders and (c, 
d) modified ZnO nanopowders. 
 
  SEM samples could be prepared by dropping the ZnO dispersion onto a silicon wafer for 
direct observation. Fig. 6.8 a,b shows the morphology of the nanopowders of magnesium-
doped zinc oxide, which consists of mainly particle aggregates in the solid state. The particle 
has a wide size distribution as seen from the image. After the surface modification, we see 
small portion of the aggregate sized at 1 micron and mostly the well-separated particles (Fig. 
6.8 c,d). The size of the individual particles varies from 20 nm to 100 nm, showing that the 
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Fig. 6.8. (a, b) SEM showing the morphology of Mg-doped ZnO nanopowders. (c, d) SEM 
images of the modified nanoparticles. Sample is prepared by dropping particle dispersion on 
a clean silicon wafer. 
 








Fig.6.9. SEM images of ZnO nanoparticles modified with H3PO4.   
 
  As controlled experiment for comparison, the undoped-ZnO nanoparticles treated directly 
with phosphoric acid with Zn/P 1:10 are also studied. The modified particles are redispersed 
in ethanol. The SEM samples are prepared using similar procedure with the sample of Fig. 6.8 
on a silicon wafer for investigation. In the images, most particles are well dispersed and 
aggregates are rarely observed (Fig. 6.9). The results prove that the essence of this surface 
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reaction is the neutralization of acidic groups of the modifier with ZnO surface hydroxide 
groups or possible opening of Zn-O-Zn bonds. The reason we use tetrabutylammonium 
phosphate here is based on two considerations: firstly, [(n-Bu)4]NOH is employed to decrease 
the acidity of H3PO4 to avoid etching or devouring the ZnO nanoparticles, which would 
impair the utility of the material; Secondly, the organic groups [(n-Bu)4]N+ may improve the 
























































Fig. 6.10. (a) Zeta-potential results of the unmodified and modified ZnO nanoparticles. (b) 
Zeta-potential results of three individual measurement of the modified ZnO dispersion 
showing excellent reproducibility.  
 
  The stability of colloid particles could be achieved by two mechanisms, steric repulsion and 
electrostatic stabilization. As an important method to achieve colloid stability, the surface 
modification of particles will alter the charge density of the particle surface, leading to 
drastically changes of some surface properties, including surface charge in solution, 
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polarizability in the dried state, and hydrophobic character. The Zeta-potential experiment of 
the unmodified and modified ZnO nanoparticles was carried out in 10-3 KNO3 water 
dispersion with ZnO concentration of 0.05%-0.1%. The use of salt solution is to balance the 
ion strength of the ZnO dispersion, according to Music’s method.[17] For unmodified ZnO 
particles, the pH of the dispersion is around 8.5 and the Zeta-potential is -9.3 mV, while the 
modified ZnO has a similar pH value with Zeta-potential of -28.8 mV (Fig. 6.10a). The 
change of Zeta-potential unambiguously indicates the success of the surface modification 
using this method. The increase of negative charge at the surface is due to the anchoring of 
phosphate groups. As is well known, a dispersion is considered stable when the absolute value 
of the zeta-potential exceeds 30 mV. Therefore, our modified ZnO nanoparticles dispersion is 
nearly stable. The experiment shows excellent reproducibility with deviation of less than 
0.2% for three separate measurements (Fig. 6.10b).    
 
  In summary, we succeed in surface modification of ZnO nanoparticles, which were prepared 
by pyrolysis of a polymeric precursor, with a salt of tetrabutylammonium phosphate. The 
surface reaction achieves anchoring the phosphate groups on the particle with preservation the 
spherical shape and size of the particles. This was evaluated by means of elementary analysis, 
FT-IR, 31PNMR, and electron microscopy. Light scattering results indicate the decrease in 
size of ZnO particle aggregates after the surface reaction. The stability of the ZnO 
nanoparticles in aqueous dispersion is enhanced as shown in the significant change of the 
value of zeta-potential from -9.3 mV (unmodified ZnO) to -28.8 mV (modified ZnO). The 
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6.3 Experimental Section 
 
Preparation of tetrabutylammonium phosphate: 6.7 ml 85% H3PO4 (0.1 mol) is dissolved in 
20 ml ethanol followed with dropwise adding 40% tetrabutylammonium hydroxide aqueous 
solution with pH values less than 8.0. The solution is stirred for half an hour after the mixing. 
Then, the solution is diluted to 250 ml in volume with adding large amount of ethanol, the 
phosphate concentration of which is calculated to be 0.4 mol/l. 
 
Surface modification of ZnO Nanoparticles: Typically, 40 mg zinc oxide nanopowders were 
added to 20 ml ethanol to form a suspension after vigorous stirring for 30 min. Then, 12.5 ml 
prepared tetrabutylammonium phosphate solution (0.4 N) is dropwise added to the ZnO 
suspension  and the ratio of ZnO and phosphate is kept at 1:10.A slight opalescent dispersion 
is obtained after stirring the mixture for 30 min followed with untrasonication for 90 sec with 
90% amplitude.  Thereafter, the solid of modified ZnO nanoparticle are collected by 
ultracentrifugation. The solids are purified with the redispersion-washing-ultracentrifugation 
circles successively with ethanol-water mixture (80 vol.%-20 vol.%), pure ethanol and 
acetone to remove the unreacted phosphate and other species similar with Koch’s method.[18] 
Finally, a white powder is obtained after drying it in vacuo over night. 
 
INSTRUMENTAL 
UV spectra were recorded at room temperature with a Perkin-Elmer Lambda 2 UV/Vis/NIR 
spectrophotometer. The concentration of a ZnO or modified ZnO dispersion is 0.5g/L.  
Electrophoretic mobilities were measured by the so-called light scattering electrophoresis 
(also known as laser Doppler microelectrophoresis) with the same automatic device used for 
the particle size determination (Malvern Zetasizer 3000HS). The zeta-potential was calculated 
from the electrophoretic mobilities according the Hückel model. The measurements were 
performed by dispersing about 10 mg of a sample into 20 ml 10−3M KNO3 solution using an 
ultrasound bath. The pH value of the suspension was regulated by the addition of 0.1 M KOH 
or HNO3 solution.  
pH values were measured with a Pt/KCl glass electrode attached to a pH meter (Schott CG843 
set) with an integrated temperature sensor (Blueline 14pH, Schott). Before the measurements, 
the pH electrode was calibrated with three buffer solutions at pH 4.006, 6.865 and 9.180 at 
20.0 8C (DIN Norm 19266). 
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FTIR spectra were recorded with a Nicolet 730 spectrometer (liquid N2-cooled MCT detector) 
with pressed pellets, which were made using KBr powder as the diluent.  
Elementary analysis for carbon, nitrogen and hydrogen was done in the lab of inorganic 
chemistry in the University of Mainz. 
 31P liquid and solid-state MAS-NMR spectra were recorded on a Bruker DSX 300 MHz 
spectrometer at room temperature. Chemical shifts are calibrated with 85% H3PO4. 
Room temperature powder XRD was obtained by a Philips pulverdiffractometer using Cu Kα 
radiation with λ = 0.15406 nm, operating at 40 kV and 30 mA with a 0.03
o 
step size and 4 
seconds as integration time.  
SEM images showing the morphology of ZnO nanoparticles were taken by LEO Gemini 1530 
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7            Summary and Outlook 
 
  We have explored a versatile method for the production of binary metal oxides and mixed 
metal oxides in the form of both nanopowders and nanocrystalline films. The method is 
simple, environmentally friendly and is believed to be applicable to the preparation of a wide 
range of metal oxides preparation. It is also worthwhile to note that the method may be scaled 
up for production which is valuable for industry. 
 
  Zinc oxide nanoparticle preparation is a good example for application of this method. The 
zinc polyacrylate is formed firstly by mixing of polyacrylate and zinc nitrate followed with 
precipitation in nonsolvent. The obtained precursor exhibits typical polyelectrolyte behaviour, 
i.e. the viscosity of the polymer solution decreases with the increasing of concentration. 
Thermal treatment or calcination of this zinc-loaded precursor forms colorless zinc oxide 
powders. Combination of XRD and TGA results proves that the crystallization of zinc oxide 
takes place over 370 oC. The obtained ZnO is as spherical nanoparticles with diameter of 40-
100 nm. The morphology of ZnO is influenced by some parameters including molecular 
weight of polyacrylic acid, zinc content in the precursor and calcination temperature. 
Photoluminescence is used to study the as-prepared ZnO. The PL spectra show that the NBE 
emission is significantly quenched but emissions at 420 nm and 590 nm are seen in the 
visible. The intensity of emission at 590 nm increases with lowering the measurement 
temperature as indicated by temperature-dependent photoluminescence results. Annealing of 
the ZnO sample causes intensity variation of the emissions but the shape and center of the 
emission peaks are preserved. The intensity increases after short-time of annealing at 500 oC 
indicating that more defects centers in the ZnO crystal are generated. However, with longer 
annealing time, sintering of the crystals causes elimination of the defect centres, leading to a 
lower PL intensity. EPR spectra show the shallow-donor-center generated signals. However, 
no correlation between the EPR signal and PL emission could be concluded. 
 
  The polymer-metal ion complex is water soluble, which provides an efficient and cheap way 
to produce metal oxide films like ZnO nanocrystalline film. The evolution of the amorphous 
ZnPA film to the ZnO film exhibits a similar process as bulk sample. PL spectra show that in 
oxygen atmosphere, blue emission is promoted but the green one is suppressed. This confirms 
our assumption that blue emission is generated by crystal defects mainly zinc vacancies, while 
the green emission comes from oxygen vacancies. 
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  Nanometer-sized mixed metal oxide (MMO) particles (Zn1-xMgxO) with very precise 
stoichiometry are prepared employing this polymer-based method. The precursor is formed by 
loading a polyacrylate with metal ions followed by purification of the polymer metal ion 
complex via repeated precipitation/redissolution cycles. Calcination of the polymer precursor 
at 550 oC gives particles of the metastable solid solution of ZnO / MgO system in the 
composition range (x < 0.2 and x ≥ 0.82). The MMO crystal particles are typically 20-50 nm 
in diameter. Doping of the ZnO by Mg2+ causes a shrinkage of lattice parameter c. Effects of 
band gap engineering on the optical band gap are reported. The photoluminescence in the 
visible is also affected and its maximum shifts from 2.12 eV (pure ZnO) to 2.32 eV at x =0.21. 
The crystalline MMO particles start to undergo segregation into hexagonal and cubic phases 
upon annealing at 800 oC 
 
  Another case of ZnO-based mixed metal oxide (Zn1-xCoxO) is prepared via pyrolysis of the 
zinc and cobalt ions-loaded polymer precursor. The composition of the obtained MMOs 
conforms to the predetermined metal ion content in the zinc-cobalt polyacrylate precursor 
polymer. In the wurtzite phase, the cobalt ions are divalent in the high-spin 3d7 state and they 
occupy the zinc lattice site in the hexagonal structure as proved by XRD, absorption and 
photoluminescence spectra. The incorporation of cobalt ions does not cause the change of 
lattice parameter, but it does considerably suppress the PL emission of the material. The Zn1-
xCoxO is nanometer-sized particles in diameter of 20-50 nm. Magnetic property of the 
material is checked too and ferromagnetic ordering is not found in our sample. 
 
  The success in the two ZnO-based MMO nanocrystal preparation makes us believe that this 
method is promising for preparation of powders of a wide scope of mixed metal oxide alloys 
of metastable type from a polymer metal ion complex as the precursor, which is converted to 
the MMO at relatively low temperature where sintering is not yet prevailing. 
   
  An alternative chemical route to synthesize a metal oxide via metal ion-loaded polymeric 
particles made by inverse miniemulsion polymerization is presented. Zinc oxide nanopowders 
are prepared by this method. Zinc nitrate is used as both the zinc source and lipophobe which 
establishes the osmotic pressure to balance the Laplace pressure, maintaining the stability of 
droplets in the organic medium. The zinc-loaded polymer latex is prepared this way with 
polymeric particle diameters of 50-100 nm. Calcination of the precursor in the dry form gives 
zinc oxide nanoparticles sized around 20-40 nm diameter. The PL and IR spectra of this ZnO 
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show differences with the ZnO sample obtained by calcination of the polymer-zinc complex. 
The reason is assumed to be ascribed to the difference of composition and architecture of the 
precursor polymers. In the polymer-salt complex method, the precursor in a great extent 
preserves the structure of the neutralized polyacrylic acid or polyacrylate as a linear polymer. 
However, the polymer latex may contain entangled and crosslinked polymer chains formed in 
the course of polymerization, leading to inhomogeneous distribution of zinc in the polymer 
chain. This has significant effect on the morphology of the final zinc oxide products such as 
particle size, aggregation degree. The complex mode between the carboxylate and zinc as well 
as the defects density and location in the nanocrystals are affected too. 
 
  Our aim in the long run is to synthesize useful nanocomposite material for optoelectronic 
application, which requires the obtained ZnO or doped-ZnO nanoparticles to be 
homogeneously incorporated into a polymer matrix. However, the stability of the inorganic 
particles in a polymer is still a technical challenge.  Modification of the ZnO nanoparticles is 
therefore the crucial step to the formation of stable nanocomposites.  The nanoparticles are 
treated in ethanolic solution of tetrabutylammonium phosphate with applying ultrasonication. 
The results of elementary analysis, FT-IR, 31PNMR, and electron microscopy confirm the 
successful anchoring the phosphate groups on the particle surface without destructing the 
spherical shape and size of the particles. SEM images show that the weakly-aggregated 
particles in the powder form are separated after surface modification. And stability of the ZnO 
nanoparticles in aqueous dispersion is enhanced as shown in the significant increase of 
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